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SUMMARY

i)The failure upon exposure to hydrothermal conditions of most conven-
tional polymers lontaining functional groups in which amy two atoms se-
lected from N, O, and S are joined to the same carton atom, is generally
due to 1) high segmental mobility of molecular chains, 2) low thermal
relaxation of the polymers, 3) an increase in hydrophilic groups, and
4) low dynamic wechanical properties. Each of these factors must be con-
sidered in attempting to provide the total protectfon needed for long
service lifs in hydrothermal environments. Therefcre, the physico-chemi-
cal factors that determine the hydrothermal stability and the bonding

characteristics of inorganic macromolecule-ionomer composite films have
-~ ) . . ' ey _ - , -

been investigated. . - R N "o, (:? /r'/"/"/

A Ca0-5107-H70 macromolecular-ionomer complex was found to be formed
in the superficial layers of MMA-TMPTMA copolymer composite films made
with fillers containing hydraulic-type calcium silicste admixtures during
exposure in an autoclave at temperatures up to 200°C. This complex acted
in terns of a self-healing protective layer to prevent the hydrothermal
deterioration of the original composite films, which is important i{f the
films are used as protective layers on metals. This complex also contri-
buted significantly to hydrophobicity, a low energy surface, and less sur-
face roughness, thereby lowering the intrinsic water permeability of the
films. The glass transition temperature, Tg, aud the tensile strength of
the complexed films increased with increasing concentration of the cement
additive used as a source of Calt metallic ions, but they decreased when
the hydraulic admixture concentration became excessive because of the
chain enlargement caused by the growth of a large qusntity of hydrated

macromolecules.

Since one of the main factors affecting the durability of protective
coatings is the adhesion force to the substrate, it is very important to
clearly understand the nature and role of the adhesion mechanisms and how
chey affect the interactions aand interplay at the functional polymer-to-

metal interface regiouns. Also, the surface preparation of the substrate

—
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functional polymer, which penetrates into the open surface structure of
the films,
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‘ t:I eppears to play a keying role in enhancing the interfacfal adhesion force
' ’ at polymer/metal joints. Hence, this study emphasized the elucidation of
:'_'. adhesive mechanisms for two functional polymers, polyacrylic acid end
::: levulinic acid-modified furan, vhen applied to cold-rciled carbom steel
f:j surfaces pre-treated with phosphating solutions. The work entailed
. studies of the mechanical and chemical interactiomns occurring betwoan the
functional polymers and crystalline irom (IIl) orthophosphate dihydra’a or
zinc phosphate hydrate (hopeite) conversion precoats that were deposited
N on the steel surfaces.
ﬁ Tha typical surface topography of the highly crystallized zinc phos-
phate films was found to be characterized by the pressnce of a dendritic
microstructure array of interlocking triclinmic crystals. This structure
1 acts sigunificantly to develop mechanical interlackiag bouds with the
o

Studies of the interfacial chemical reactions indicated that the con-
. formation changes in the polyacrylic scid macromolecules ralate directly
: to the frequency of the magnitude of acid/base and change transfer inter-
actions between the proton-donating pendeat COOH groups im polyacrylic
. acid molecules and the polar OH groups at hydrated precoat surface sites.
. The presence of numerous free nmucleophilic lons existing on the deposited
: precoat fila lsads to a substrantial increase in the coil-up and entangle-
ment macromolecule density. These entangled complex macromolecules at the
interfaces resuited in a decrease in the degree of chemiscrption at the
precoat surfaces, vhereas regularly oriented COOH groups producs strong
fanterfacial chemisorption with the polar groups. Uhen the polarized furan
polymers spread on the zinc phosphate surfaces, the carboxylate groups
derived from the levulinic ester and acid molecules resct to form hydrogen
bonds with the crystallized H20 molscules on the hopeite film. This for-
mation of hydrogen bonding was shown to be a major factor affecting the

chemical intermolecular attractions.
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From the studies of the f{uterfacial bond mechanisms at functiounsl
polymer-to-crystalline conversion precoat joints, it was confirmed that
the mechanical interlocking bond is primarily responsible for the develop~
meat of iaterfacial adhesion forces. The formation of hydrogen bonds and
acid/base interactions, which are categorized as weak chemical bounding
systems, 1s likely to have little effect on the advanced adhosion forces.
This information suggested that successful bonding can bs attriduted to
the following four elements: (1) mechanical interlocking associated with
the surface topography of metais, (2) surface wettability of metal by the
polymers, (3) strong chemisorption, and (4) type and degree of polymer-

metal interfacial interaction.

When water-soluble polyacrylic acid (PAA) macromolecules are intro-
duced into zinc phosphating lLiquids, significant improvements {a the yield
of conventional zinc phosphate conversion films deposited on carbon ateel
surfaces a%e ohtained., The improvements iucluda controllability of crys-
tal dimensions, degree of crystallinity, and coating weight. The conver-
sion layer formed is a composite microstructure consisting of & bulk PAA
polymer and complexed PAA coantinucusly overlaying a uniform array of fine
dense zinc phosphate crystals. Izterfacial studies of the composits layer
using infrared spectroscopy, energy-dispersive x-ray spectromstry associ-
ated with scanning electron microscopy, and x-ray photoelectron spectros-
copy indicated that the functional sarboxylic acid groupe in the PAA
molecules were strongly chemisorbed by the Zn atoms at the ocutsrmost sur-
face sites nf the crystal layers. The intermolecular bridging action of
the surface Zn atoms which corzect the PAA and the zinc phosphats crystal
layers results in good adlesion at the PAA-crystal interfaces. The pre- ’
sence of the organic composites at the cutermost surface sites on the
crystal acted to promote the adhesion with polymeriec topcoat systems bdy
the formation of ocganic-organic chemical bonds, theredby enhancing the
boad durability of the Za*Ph precoat-to-polymer topcoat adhesive joints.
Adsorption of polyelectrolytse segments with msolecular weights ranging from
90,000 to 250,000 on the Zn°Ph crystals plays a key role in increasing
the stiffoess and flexibility of the layers and in advancing the crystal-
line reorganization. The addition of material with molecular weight

3
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250,000 completely preventel the crystal jrowth of Zn-Ph, This was due
to the segmental adsorption of more randoaly ceiled-up chains., In addi-
tion, the protective polymer topcoat overlaied on the complex precoat su=~
faces incrsases the flexibility of the crystalline precoat itself. The
most important factors controlling tlhe flexibility of the precoat were low
eiastic modulus, high tsnsile strength, and elongatior of the topcoat sys-
tens. These characteristics are sore important than. the magnitude of in-
terfacial adhesive bonds at topcoat/precoat joints.

I. INTRODUCTION

calt ion-complexed polymethylmethacrylate (Ca-PMMA) ionomer compos-
ites have been studied earlierl. The composites contain hydrated calcium-
silica (Ca0-S10;) compounds and are formed by fonic reactious between
divalent Ca ious released !to-.Ca0-8102 grains and carboxylate anions
(CO0") yielded during the hydrolysis of functional pendent carboxyl groups
in MMA upon exposure to hydrothermally aggressive envirouments. In the
presence of hot water, the hydraulic inorganic Ca0°5S107 grains are pro-
gressively converted into highly crystallized macromolecules?. These
sacromolecules are produced i{n the vicinity of asorphous {onomer chains,
and theredby restrict the segmental mobility of the molecular chains. This
leads to a molecular coufiguration having a low segmental lumping fre-
Quency, which results fn minimum permeability, good adhesion to metallic
surfaces, and excellent hydrothezrmal stability. A more recent study
indicated that the enhancement of the hydrothermal stability of the com-
posite depcnds strongly on three characteristics of the Ca0-5102-H20 sys-
tem macromolecules formed within the polymer matrices?: 1) the morpho-
logical features and orieuntation of microcrystalline formatious which
act to reinforce the polymer matrices, 2) the sechanical strength of the
crystallized compounds, and 3) the space-filling properties of the macro-
molecules, which form a dense agglomeration of filled matrix. From
these observations, it was councluded that the hydrothermal stability of
Ca0-8102-H20 systems formed during hydrothermal exposures at >100°C {s
due not ounly to the dagree of crystallization and the shape of the
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microcrystal structure, but also to the relatively high quantity of S10;
molecules exisitng in the hybrid hydration macromolecules. The results
suggested that, when an anhydrous Ca0-5i07 compound powder is to be used
as a reactive filler with polymer blends, a hydraulic cement having a low
mole ratio of Ca0/S1i0; should be emgloyed.

The asbove findings indicate that the coaposite system can be utilized
as & protective coating for metal surfaces exposed to hydrothermal euvi-
roumcats. The coating protects the metal substrate from corroding primar-
{ly by two mechanisms: (1) serving as a barrier for the reactants, water,
oxygen, and ions, and (2) serving as a reservoir for corrosion ichibitors
that assist the surface {n resistirg attack. PFallures of most conveation-
al polymar films during exposure to aggressive hot water environments are
likely to be due to 1) high segmental mobility of molecular chaina, 2) low
thermal relaxation of the polymers, 3) increase in hydrophilic groups, &nd
4) low dynamic mechanical properties. Each of these factors must be con-
sidered in attempting to provide the total protection needed for long ser-
vice life in hydrothermal envirouments. Therefore, the first objective in
this study was to investigate the physico-chemical factors that datermire
the hydrothermal stability aad the bonding characteristics of inmorganic
macromolecule-ionomer composits films. These factors include the degree
of polymer-filler irnteractions, thermodynamic properties, water transport
propertias, mechanical behavior, morphological features of the film sur-
faces, surface free energy, interfacial adhesive strength, wetting be-
havior, and spreading kinetics.

Since adhesion {3 one of the mcin factors affecting the durability of
protective coatings on metal substrate surfaces, the second objactive was
to study these processes. It 1is very important to understand the nature
of the adhesion mechanisms and how thay effect interactions between func-
tional polymers and metal surfaces. The effects of functional carboxylic
acid (COOH) groups located in the peundent of polyacrylic acid (PAA), on
fonic reactions and adsorption are of prizary interest {n understanding
the fundawental adhesion mechanisms between pnlar oxida metal surfaces and
functional polyacid mecromolecules. The PAA cmolecule which is generally




expressed as a polyelectrolyts macromolecule is characterized by a simple
chemical structurs consisting of a stabilized hydrophobic main chain
(-CHy-CH~)y, and the hydrophilic pendent (COOH) groups. Seversl stuuies of
the reactious detwesn ions and polyelectrolyte macromolecules have been
made, using spectroscopic and polarographic techniques zad with zd titra-
ticn curves.®-8 Other raports dealing with polymer adsorption in which
the adsorbed segments intersct La the surface layers have emphasized
theoretical studies. 9-13

Recently, the abilicy of polyacid to function ar an adhesive at an
ionic interface was investigated by using Fourier Trausform IR Spectros-
copy tcchniqucs.l‘ This study emphasized that the degres of neutraliszed
polyelectrolyts macromolecule conformation results i{n a fraction of bcund
segments on the adsorbed molacules. lience, in tha present work we have
made a systematiz assessment of how the adhesive and adsorption mechanisms
at the polyelectrolyts macromoiecule-treated oxide meral interfaces affect
the interfacial bound strength and the role of ths interface in adhesion
processes, This elucidstion of the interfacial t{nteraction mechanisma
will provide the ability vo utilisze polyelectrolrte macromolecules as an
adhesive and & coating.

To assist in the elucidation of the adhesion mechanisms at the poly-
mer-metal interiscial joints, the nature of the interaction batwveen levu-
linic acid-modified furan poiyrer and oxidized metal surfaces wau also
explored. When the furan resin is applied as a protective coating to
metal surfaces, it is presumed that the reactivity of the functional levu-
linic ester will result in great improvements in the bording forces at the
furan-metal interfacas. Since the number of levulinic ecter configura-
tions in the furan macromolecules can be coutrollnd.15‘17 the chemical
sffinicy of COOH groups tor the oxide films offers the potential for pro-
ducing furan coatings which possess strong chemical activicy.

The {deal modification of the furan polymers to obtain a high inter-
facial bond at the polymer-oxidized metal boundary would be to incorporate
su adeuate amount of levulinic acid reagent to interact with the methylol
groups in alpha positions om neighboring furan rings to form a methylene

.6‘



bridged polycondensate. Accordingly, an aim in the present work was to
understand the rfundamental physico-chemical factors needed do design levu-
linic scid-modified furan coatings which will have strong bonding forces
with crystalline zinc phosphate hydrate films deposited on metal substrate

surfaces .

On the other hand, crystalline zinc phosphate (Zn*Ph) conversion
precoats deposited ou carbon stesel surfaces play an importaant industrial
role in upgrading the corrosion resistance and coating adherence proper-
ties of substrate materials, and phosphating processes have been used for

this purpose for decades.

Conventional Zn*'Ph conversion crystals are formed by dipping steel
plates in a phosphating solution which i{s composed of zinc oxide (ZnO) and
phosphoric acid (H3PO,) as the major chemical constituents, and distilled
water. The surface roughness of the crystalline Zmn°Ph precoating acts
to enhance the magnitude of wettability and spreadability of the liquid
resins, thereby increasing the degree of the mechanical interlocking bonds
at the polymer-Zn°Ph interfaces. 1In addition, the formationm of highly
dense Zn*Ph crystals contributes significantly to the corrosion resist-
ance of the steel substrates. lor maximum effectiveness, the Za*Ph pre~
coating should be impermeabie since i could provide corrosion protection
in the event that the polymeric topcoat is damaged or delaminates. It has
been datermined thac the chemical constituents of the steel subastrate upon
which the conventional zinc phosphating formulation is placed, play a key
rola in forming high qua.ity Zn°*Ph coatings. In particular, a surface
having a high carbon coucentration impedes the faormation of the Zn°Ph
coating. Low zinc and phosphorous levels at high carbon areas result i{n a
porous structure and poor bounding to the substrate. These characteristics
lead to a higher oxygen and moisture availability at the substrate surface

and promote a cathodic delamination reaction as follows:

H0 + 1/2 07 + 26" <y 2 OH-,

The generated hydroxyl fons (OH") induce an alkaline cundition which
causes delaminatior at the precoat/substrate interfaces. The solution

to this problem 1s to apply the ZnO-based phosphate solution onto steel

-7-




surfaces containing a low carbon conteut. The microstructure and thickness

of the conversion layers play major roles in restraining physical deforma-
tion failures of the Zn*Ph layers. Increased thickness results in in-
creased brittleness, theredby, enhancing the potential for failure during
flexura or other deformation, A thin uniform array of fine deuse crystals,

which {s Zlexible, is needed to yield the optimum precoating system.

The incorporatioun of organic materials {n the zinc phosphating liquid
as a method for improving the stiffness, the flexibility, and the moisture
impermeability of crystalline films appears possible. The protou-donating
COOH groups in polyacrylic acid (PAA) which can be expressed in terms of
polyelectrolyte macromolecules uudergo an ion-exchange reaction with the
free metallic ‘ons in an aqueous medium. The active high-valency metallic
ions countribute to the formation of inter- and intramolecular cross-linking
of the polyelectrolyts macromolecules due to the salt bridge structure which
replaces two hydrogeas in the COOH groups located in the pendent of PAA.

The nature of the ion-polyanion reaction mechanism suggests that the addi-
tion of a high molecular weight PAA may be very effective in controlling the
depositad crystal 812¢.18-20 ynen the polyelectrolyte macromolecules are
added t- ;. : zinc phosphating liquids, it is assumed that acid-base and
charge transfer interactions will occur betweean the COOH groups and the di-
valent 2n ions which are a major chemical component of the crystallized
Za*Ph hydrate films. This chemisorbing functiom of the COOH grdup- re-
sulting from this complex formation may serve to restrict crystal growth,

Therefore, the final objective in this study was to determine how the
polyelectrolyte macromolecule-countaining zinc phosphate counversion crystal
film, formed by treating the metal surface with the PAA-modified zinc phos-
phating liquid, coantributes to the improvement in the controllability of
crystal thickness, the wettability by liquid resin, and the adherent proper-
ties to polymeric topcoat systems. The presence of organic polymers in the
conversion films is expected to result in a film which will act in a manner
similar to a primer for conventional polymer topcoatings. Expected primer
formations may display an ability to promote the bouding forces at the com-
posite film - polymeric topcoat interfaces.
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In an attempt to accoxplish the three objectives described above,
fundamental studies of the physico-chonicnl factors affecting the hydro-
thermal resistance and bondirg of polymeric composites to steel surfaces
vere initiated in August 1982 by Brookhaven National Laboratory (BNL) under
coatract with the U.S. Army Research Office and completed at the end of July
1985, The work emphasized the fundamental understanding of the principles
governing the formation and cechanisas of stable adhereant protective coat-
ings on steel substrates. The technical feasibility for the surface modi-
fication and tailoring of a given substrate to achiave certain desired

characteristics was also appraised.

In order to achieve the program goals within the 3-yr coatract period,
a detailed outline and schedule for the study was prepared. This is shown
in Figure 1. The Phase I study was performed within the first 12-mo and
focused on the self-healing protective mechanisms of composite coating sys-
tems consisting of polymethylmethacrylate (MMA) and nydraulic-type calcium
silicate compound fillers, under hydrothermal conditions up to 200°C, and
their physico-chemical characteristics. Surface oxide treatments for the
cold-rolled carbon steel substrates needed to achieve successful bonding
vwere also explored in this phase of the program. Based upon the fundamental
work conducted in FY 1983, the physico-chemical factors goveruning the nature
and role of the interfacial interactions between the fuactional polymers and
the chemically oxidized metal surfaces vere studied in Phase II which was
performed in FY 1984 and FY 1985, In Pha<e III, which was conducted during
FY 1983, emphasis was given to the modification of the crystalline Zn*Ph
converslon precoatings deposited on the metal surfaces, in order to signifi-
cantly improve the mechanical properties of the precoat layers, adhec.on

forces to the polymeric topcoat, and corrosion-inhibiting abilitcy.

I1I, SELY-HEALING TYPE METHYLMETHACRYLATE COMPOSITE COATINGS

In protective systems in vhich a topcoat i{s overlaid on a substrate,
the most important factors for suppressing corrosina include, not only the
formation of high quality interfaces and strong interfacial attractions, but
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also tha hydrophobicity and mechanical properties of the polymer topcoat

{tself, It is well-known that the orgauic polymers contaiaing functional
0 0
0\ I

groups, such as amines ( c NH ), esters ( C 0 ), and

acetals (—— 0 —— CH20 —-), in which any two atoms selected from N, O,
and S are joined to the same carbon atom, are very sensitive to hydroly-
sis, particularly in hydrothermal environments. The polymer degradation
can be suppressed by increased coating thickness and by the presence of
calcined reactive fillers. The latter, in particular, offers the inter-
esting possibility of forming self-healing protective films, This rexct-
ive filler {s characterized by the production of crystallized inorgaunic
macromolecules and dissociation of the divalent metallic ifouns from the

filler surfaces in an aqueous mediun,

A. Materials

The methylmethacrylate (MHMA)-based polymer system used as a film-
forming material consisted of a mixture of 57 wt® MMA monomer (duPont Type
EP-4160), 38 wtZ bead polyMMA (duPont Elvacite 2008) with a molecular
weight of ~3x10%, and 5 wtl trimethylolpropane trimethacrylate (TMPTMA)
cross-linking agent (Satamar Co., Ltd.). This resin blend had a viscosity
of 217 cP and a surface tension (yyy) of 32.10 dynes/cm at 24°C, Since
MMA-TMPTMA copolymers are glassy and brittle, the flexibility of the resin
over the temperature range of interest was enhanced by f{ncorporating a
10 wtX dibutoxyethyl phthalate (DBEP) plasticizer (C.P. Hall Company).

Polymerization of the plasticized MMA-TMPTMA resin was initioted by adding .

3 wtX benzoyl peroxide (BPO) of 98% purity and 1 wtX N,N-dimethyl-P-
toluidine (DMT) at an ambient temperature of 24°C, After mixing of all
the i{ngre’ients, the gel tinme of tha resin was ~10 min,

A commercial class J cement (Lehigh Portland Cement Company) was used
as a hydraulic-type reactive additive and a source of divalent metallic
cations, This type of cement is frequently used {n the completion of oil

wells operating at temperatures >110°C, Its chemical constituents were
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as follows: Ca0 40.68%, S10; 50.97%, Al203 0.86%, Mg0 1.01%, Fe03 0.70%, ,-:-;-:3
2, ?.
and 503 0.29%; loss on igopition was 4.75%. Class J cement i{s characteriz-~ a3
ed by its high silica content, which is needed to prevent strength ratro- { -
gression at temperatures >110°C, E:?;
. - J".':':"
Silica flour filler, which is zenerally used as a pigment in organic ;;;i
a2/

coatings, was usad as a reinforcement in the films. The particle size of
both the cement and the silica flour sdditives was <200 mesh (0.074 mm),
To prepare the composite films, 50 parts of the initiated MMA-TMPTMA resin
were added to 50 parts of the silica flour-class J cement filler. Six Eﬂi
different ratios of silica flour to cement (100/0, 90/10, 80/20, 70/3u, -
50/50, and 30/70) were tested. After the two components were thoroughly
hand-mixed for ~30 sec, filled composite films with a thickness of 25 to
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33 mils were cast on polyethylens sheets with a casting knife and ihon

cured at room temperature for ~2 hr.

B. Measurements Y

Measurements of the physico-chemical factors were done on film and
coated samples before and after exposure in an autoclave for up to 10 days
at temperatures of 100°, 1509, and 200°C.

The glass transition temperature, Tg, of the polymer composites was
measured with a duPont 910 differential scanning calorimeter (DSC)
equipped with a DSC cell at a heating rate of 10°C/min under nitrogen gas

.

flowing at a rate of }0 nl/min. The samples weighed 10 to 12 mg.
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Tensile strength tests were done on dumbbell-like rigid composite
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film samples 70 mm lonug and 5 mm wide at the narrowest section. Stress-
strain diagrams were obtained with a tensile tester having a crosshead

spced of 0.5 mm/min. All strength values reported are for an average of
three specimens. The changes in weight of the films after exposure were o

also measured as a function of time at the prescribed temperstures.

A Perkin-Elmer Model 257 spectrometer was used for infrared analysis. Conene

The tests were performed by preparing KBr discs made by mixing 200 mg KBr

and 3 to 5 mg of the powdered samples that had been crushed to a size of —
<0.053 mm. The spectra were rum at an 8 min scanning rate over the rauge ;:it;
of 4000 to 600 cm~l, AN
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Contact angle measurements on the film and metal surfaces were made
with a Contact Angle Analyzer. All measurements were made at 60X R.H. and
24°C within 30 sec of drop application. Surface tension measurements were

made with a Cenco-Du Nouy Tenaiometer Model 70535.

Electrode potential neasurements on metal plates (5.0 x 5.0 em) coat-
ed with cement and silica-filled copolymer paints were made after exposure
for up to 25 days in an autoclave at 150°C in order to estimate the water
permeability through the coatings. Coatings of 10 and 25 mil thickness
were tesied. The coated and the base anode test plates were then immersed
in a 47 NaCl solution at 24°C., The distance between the plates was 10.16
cm. A one vcit potential was established across the plates and tlhe re-

sulting current flow measured.

Microstructure deformation of the film surfaces caused by hot water
attack was observel by scanning electron microscopy (SEM) and JEOL trans-
mission electron microscopy (TEM). The SEM samples were prevared by
depositing a gold film on the surface of composite films, SEM and TEM
examinations were also employed to {dentify the morphological features of

the hydration compounds formed on the amorphous polyuer layers.
C. Results and Discussion

1. Glass Transition Temperature

High mclecular mobility and segmental jumping frequancy of the main
chains of an amorphous polymer, durirg exposure to hot water, is oue of
the physico-chemical factors affecting the hydrothermal disintegration of
polymer films, caused by the chain scissions. It {s therefore important
to investigate the magnitude of the segmental immobilization in terms of
the chain stiffness and the rigidity of the polymer molecules. Since the
glass transition temperature, Tg. is a secound-order temperature which can
be regarded as the relaxation and motion of the major segments in the
backbone molecular chains of an amorphous polynot,Zl'zz the T, of the
polymer composites was determined as a means of estimating the degree of

segnental mobdility of the polymer molecules.

.13.




The influence of the hydrated inorganic macromolecules on the stif-
fness of the polywer chains was analyzed by comparing Ty values for the
plasticized MMA-TMPTMA copolymer films containing mixed fillers with
various ratios of siljca flour (S) to hydralic cement (C). Differential
scanning calorimetry (DSC) at a heating rate of 10°C/min was used to de-
ternine the Tg of the samples. Typical DSC thermograms showing the es-
g2ntial features for film samples countaining S/C ratios of 100/0, 90/19,
70/30, and 30/70, after exposure in an autoclave to water at 150°C for
24 hr (Figure 2) all have endothermic peaks between 57° and 69°C. The T,
values were obtained from the endothermal peaks by finding the intersec-
tion point of the two licear extrapolations. The data indicate that use
of an optimum amount of cement in the mixed filler corsisting of silica
4nd cement raises the T, of the composite film after exposure to hot
water. Samples containing filler vith a S/C ratio of 70/30 had a Tg of
639C, ~69°C higher than that at S/C = 100/0. Since the segmental immobili-
zation of chains is directly related to an increase in T8'23 this appar-
ently verifies that the macromolecules formed by hydraulic reactions of
the cement in contact with hot water serve to restrict the segmental
mobility of the main chains. The slight reduction in T‘ at a S/C ratio of
30/70 indicates that the optimum concentration of cement in the filler is
between 30 and 70%.

Tensile strength and Tx data, as & function of S/C ratio for the com-
posite films after exposure 2o water at 1309C for 24 hr, are given in
Figure 3. The Tg rises with increasing cement content until it reaches a
maximum of 63.5°C at a S/C ratio of 50/50.

The curve for the tensile strength of the film as a fuunction of the
S/C ratio is similar to that for Tge The data {ndicate that the strength
increases with S/C ratio between 100/0 and 70/30, and then decreases. The
ultimate strength, 1150 psi, for copolymer films with a mixed filler hav-
iog an S/C ratio of 70/30 was ~70% higher than that of films with a silica
flour filler lacking cement.
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Many receut lnvostig-tiousz"zs have showa that the i{nfluence of
Tg behavior on filled polymers depends mainly on the segmental adsorption
and orientation of the main chains in the immediate vicinity of the filler
surface. These can result in strong filler-polymer interactions and
agglomerati~n forces. Strong filler-polymer intsrfacial forces also con-
tribute to the euhancement of the mechanical strength of composite materi-
als. However, ths newly produced formations at the interface between the
coufigurated macromolecules and the polymer chains not ounly yield strong
agglomerations and chain entanglements but also are likely to produce {n-
creased interfacial stresses which result i{n chain enlargement occurring
along with the growth of the macromolecules. Therefore, the reductions in
film strength as the S/C ratio is decreased can be interpreted as being
due to extraordinary chain enlargement which exerts a “squeezing” force on
the larger macromolecules formed on the polymer layers. These high inter-
facial stresses can be reduced by the formation of microcracks between the
polymer matrices and the macromolecules. In fact, for copolymer filxs
containing e filler with a S/C of 30/70, and having a decreased Tg of
61.59C, the tensile strength was down to 480 psi, which resulted in de-
formation and microcracking of the films. These results suggested that
the optimum amount of reactive cement must be used with the silica flour

in the filler to prevent film strength reductioan dus to squeeszing
deformations. ’

The changes in weight of the composite films after immer~iom in water

“at 1509C for periods of up to 10 days were also measured (Figure 4). The

control samples (S/C = 100/0) showed weight loss throughout the exposure,
up to ~15% after 10 days; they also shoved many blisters on their sur-
faces. 1In coatrast, the films with mixed fillers containing cement and
silica flour {ncreased in weight. Samples with S/C = 70/30 filler in-
creased in weight rapidly over the first 24 hr, and then more gradually
for the duration of the 10-day exposure. This was due to couversion of
the cement grains in the copolymer matrix into hydrated cement compounds
based on the Ca0-S10;-H70 system during exposure to hot water. The film
surfaces showad little or no blistering.
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Samples with S/C = 90/10 £illar, when exposed for 10 days to the hy-
drothermal e¢uvironment, increased {u weight for ~3 days and theun gradually

decreased, but they showed no evidence of deterioration.or corrosion.

2, Clomplex Mechanisms

Infrared (IR) absorption spectroscopy was used to elucidate the role
of cement additives as a means for improving the bydrotheirral stadbility of
MMA-TMPTMA copolymer containing carboxyl groups (0=C-0-R) in the side
chains. To prepare the aanﬁlcl, films exposed to 200°C hydrothermal comn-
ditions for 10 days were first dried in an cven at 100°C for 24 hr and
then ground to a particle size <0,0074 nmm,

Earlier workl, had shown that hydrothermal deterioration of polymers,
caused by the hydrolysis of a pendent carbexyl group, can be restrained by
ionic cross-linking initizted by the strongly nucleophilic caZt fons re-
leased from cenent duxing contact with hot water, A salt bridge consist
ing of <C00"-~-CaZt---=00C complaxed formulations, resulting from ifonic
bonding between the CaZ* 1ons and the carboxylate anions (C00~) from the
hydrolysis of carboxyl groups, has been coufirmed by asymmetrical and sym-
metrical stretching vibrations at 1540 and 1398 em~l {n the IR spectrum.
In addition, a correlation between the reduction in absorbance of the car-.
bonyl groups at 1710 cn~l and the {increasing intensity of c00~(ca2t) com-
plex groups &+ 1540 and 1398 em-l suggested the possibility of measuring
the rates of conversion to carboxylate anions. Accordingly, the degree to
which lonic Calt complex zalt formations affected the restoration of hy-
drothermal degradation was assessed on the basis of the shifts in IR fre-

quency and the changes in band intensity at 1710, 1540, and 1398 em-l,

The test results from these samples (Figure 5) show that the i{nten-
sity of the c00-(CaZ+) frequency at 1540 and 1398 cm~l {ncreases as the
cement content of the filler increases. Conversely, the band of carbonyl
groups at 1710 cmn~! tends to shorten with growth of the CO0~(Ca2t) bands,
These results verify that the carboxylate anions, produced by hydrolysis
of the pendent carboxyl groups in the copolymer molecules, sre converted

into C00~(Calt) groups by the nucleophilic Ca2* fons released from cement

-19-
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Pigure 5. Shift ia IR frequency as a function of S/C ratio at 200°C.




grains during exposure to hot water. Since an increment of salt bridge
formations per molecnle results in an abundant supply of caZt tons, the
optimum amount of cement additive should be used to provide a source of
Calt ions for iohibiting polymer chain scissivn caused by the hydrolytic
decomposition of tha pendent groups.

The rate of reaction between the Calt fons and the COO” anions as a
tunction of hydrothermal temperaturc, from 50° to 2CN9C, was quantitative-
ly estimated by comparirg the absorbance ratios of the -C00~(Calt) groups
at 1540 cm~l and the C=0 groups at 1710 ca~l. Samples containing a filler
with a S/C ratio of 70/30 were used in the IR spectrophotosetry analysis.
Prior to testing, the films were exposed for 10 days to water at tempera-
tures of 50°, 100°, 150°, and 200°C,

In IR guantitative analysis, the peak height or the area of the band
is taken as the criterion of band {ntensity. Therefore, an accurite nea-
surement of band intensity is very important., The absordances of two
peaks vers determiuced as the distance from the absorption maximum to a

baseline conne~ting the two wings of the band,

A plot of the ab-otbpnco ratio as a function of temperaturte (Tigure
6) shows a direct lizear relationship. This {mplies that the intersity of
the band characteristic of C00-(Calt) formation becomes strongeT as the
C=0 group band intensity decreases. Accordingly, it appears that a large
nueber of pendent carboxyl groups are converted into carboxyiate anious by
the hot water. These anions simultaneocusly produce caZt salt bridge
structures (formed by ionic reactions with the Ca2t fons) which play an
essential role in binding the COO~ ions. The data also suggest that the
rate of ionic bonding through salt formation is directly related to the
temperature up to 200°C and to the quantity of cemen: mixed with the
silica flour filler. The absorbance ratio of 0.55 at 200°C geems to indi-
cate that >30Z of the carboxyl groups were changed in the Ca salt forma-
tions. This is ~18 times as large as the percentage for sanmples at 50°C,
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Three possible molecular structures for the calcium carboxylate com-

plexes can be deduced. These are shown below.

Complexed structure (I) is characterized as an intramolecule hydrat-
ed salt-type formed within tha single chain, and (II) refers to an inter-
molecule hydrated salt-type through the cross-linking structure which
connects two adjacent carboxylates between the chains. The calcium cation
in a salt bridge will be stabilized by six water molecules to give an
octahedral structure?’. The neutral H20 molecules coordinated to the calt
ions will be stable enough to remove water vapor from ordinary air at
ambient temperature28. An alternative formation, (III), may be inter-
preted as a pendent haif-salt.

Assuming that the Ca-complexed {fonomer matrix consists of the above
three species, formations (I) and (Il) contribute significantly to en-
hanceaent of the chain stiffness, lower the degree of free rotation of the
chains, and iacrease the chain entanglements, thereby increasing T‘ ievels
and the mechanical strength of the £11ms2%, On the other hand, the half-
salt located in the pendent groups may be presumed to have little if any
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effect on restraining chain rotatiou, With regard to half-salt molecular
structures, -COO'--C:2+DH' groups containing an {nterchangeable hydroxyl
group are more likely to be hydrophilic than hydrophobic.

3. Thermal Behavior Analysis

The enhanced thermal stability of Ca-complexed compound films was
assumed to be due mainly to the preseace of a larger number of salt bridge
formations and to the hydrated inorganic macromolecules formed during
expcsure to the hydrothermal environment. Thermal measurements intended
to clarify this assumption were made by using thermogravimetric and dif-
fereatial tharmal analysis (TGA and DTA). Since the cumbers of salt
formations and of hybrid macromolecules increase with increasing hydro-
thermal temperature, copolymer films with S/C 30/70 filler wers exposed
for 3 days to water at temperatures of 24°, 150°, snd 200°C. After expo-
sure, the thermal behavior analyses were performed at a heating rate of
10°C/min in nitrogen gas.

The TGA thermograms are shown in cgnjunction vith the DTA curves in
Figure 7. The TGA curve for the samples exposed at 24°C (the controls)
indicates that weight loss began at ~225°C, It reached 13Z at ~275° and
407 at ~400°C, These temperatures correspond to veak and strong endother-
mic peaks on the DTA curve. The former peak may be due to the rotational
energy of the molecular chains and the latter to the integrated heat of

fusion.

Ian contrast to the controls, which lost no weight up to ~2259C, the
samples that had been exposed to water at 1509 lost ~0.13 g over the tem-
perature range 80° to 200°C., This appears to be directly related to the
two weak DTA endothermal pesks at 80° and 175°C, The peak at ~80°C {is
attriduted to vaporization of free water, The total amount of free water
was calculated from the TGA data to be ~0.03 g. Tkis corresponds to
~0.26% by weight of the total composite mass.
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The weight loss at ~175°C may be due to thermal dissociation of bound.
vater, including the gel water combined with the hydraulic cement and the
neutral Hy0 molecules coordinated to ca2t jons tn Calt bridges. The
amount of bound water was calculated to be ~0.1 g. The onset temperature
for thermal decompositioun of the 150°C sample was ~330°C, ~105°C higher
than that of the coutrol. The DTA curve shows that the intensity of its
endothermal peak at ~300°C {is much weaker than that for the control. This
may imply that the chain cotation energy, which can be determined from the
total area of the curve eaclosed by the baseline, vas reduced by the for-
mation of salt complexes and by the inorganic macromolecules produced dur-

ing the hydrothermal exposure.

Another weak pealt appears in tkis curve at 480°C, This is due30 to
the dehydratioa of Ca(OH), ard {s related to the slight weight loss be-
tween 480° and 540°C on the TGA curve. The Ca(OH); formation of ~0.15 g
was calculated on the basis of the distance between the onset of the two
linear portions before and after the transition pericd, om the TGA curve.
It amounts to ~3.72% by weight of anhydrous cement used.

The sample that had been exposed to water at 200°C lost ~0.18 g of
vater between the temperatures 30° and 110°C. The slight change in the
slope of its TGA curve near 150°C is due to the presence of ~0.16 g of
bound water, which i{s ~60X% greater than that in the samples exposed at
150°cC,

It {3 well known that the amount of water in a well-hydrated cement
retained at 105°C {s generally ~20% by weight of the anhydrous cement3l,
Thus, if ~0.16 g of bound water is assigned to the lydrated cement, this
corresponds to ~4,1% by weight of the total anhydrous cement mass. It
may, thersfcre, be interpreted that ~21Z of the .vement present in the
copolymer matrix was completely hydrated. However, since some Hy0 uoloQ
cules coordinatea to Ca?* fons should also be contained as bound water,
the amount of hydrated cement is actually <21Z. These results seem

«26=




to suggest that the hydration products of cement are probably formed in a
very thin superficial layer on the films, where thcj seem to protect the
organic polymer from hydrothermal deterioration. On the other hand, the
onset temperature of the major weight loss, as determined by TGA, was
~380°C. This was accompanied by a prominent endothermic peak at 425°C on
the DTA curve. The high nnset temperature, 50°C above that for the 150°C
samples, seems to verify that the configurative combination between the
highly formed salt complexes and the macromolecules contributes signifi-
cantly to the improvement in the hydrothermal stability of the composite
films. fha temperature at which the film exhibited a 407 weight loss was
~600°C, DTA data also indicated the disappearance of the axothérmal peak
at ~3009°C., Therefore, it appears that tliese formations enhance chain
stiffness. On the basis of the change in the TGA slope at ~470°C, the
amount of Ca(OH)y produced was estimated to be ~0.2 g, which cc responds
to ~5.1%7 by weight of the anhydrous cement.

4., WVetting Behavior of Film Surface

Since the wettability relationship between water and a solid surface
is considered to be a type of complex water-solid 1ntcraction,32 the mag-
nitude of the water wettability of a plane film surface can be estimated
from the value of the work of adhesion, W, (HZO), which is a generally
useful index of surface wetting. The value of W, (erg/cm?) vas calcu-
lated by using the well-knuwn classical expression originated by Young33
and Dupro3“,

Wy (Hp0) = (1 + cos 8) + x8,

Tiv

where Yiv (dyne/cm) 1is the surface tension of water at 24°C, § is the
average value of the measurad contact angle on the solid surface, and 3
is the equilibrium spreading pressure of the adsorbed vapor on the solid,
In many approaches to the theory of contact angles, ¥® has been assumed
to be approximately zero33. Fox and Zisman3® showed that Yiv (1 +

cos §) was a good approximation for Wo, the work of adhesion between
l11quid and solids which do not wet.
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The filam samples, countaining fillers with various S/C ratios, that

were used for contact angle and SEM measurements wers exposed in hot water

v,

for 3 days at temperatures up to 150°C and then rinsed several times with
distilled water and dried in the oven at 70°C for 24 hr. All the measure-

ments were made at a temperature controlled at 24.0 0.1°C, and 50% rela-
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tive humidity. In measuring contact angles, because the angles on the dry
film surfaces gradually increased during the first 10 to 20 ssc, the
static angles were recorded after the boundary of a sessile drop had been
allowed to equilibriate for 30 sec after deposition,

A plot of W, as & function of S/C ratio for films exposed at tem-
peratures of 249, 1009, and 150°C (Pigure 8) shows that Wy is affected
both by hydrothermal temperature and by S/C ratfo. The W, values for
all samples exposed at 24°C were essentially coanstant, varying only from
83.0 to 85.9 org/cnz, showing that these films, which have a smooth sur-
face, have a relatively low magnitude of surface wettability. In cou-
trast, for the samples exposed in boiling water at 100°C, the W, value
rose sharply at S/C ratios >70/30, going up to 113.6 erg/cm? for non-
cement-containing control samples. This value was 31.3% higher than that
for the sample with S/C 70/30 filler, and 32.9% higher than that obtained
from the same film surface at 24°C, Tﬁ; results suggest that the increase
in surface wettability with lower cement concentratiom is probably due to
an increase either in the number of hydrophilic groups or in their acces-
sibilicy to water. The finding that W, at S/C 30/70 was almost the
same as at S/C 70/30 seems to demonstrate that the presence of >30%
cement by weight of the total mix filler results in a low surface
wettability.

The W, plot in Figure 8 for films exposed at 150°C showad an intec-
esting variation: the degree of wetting decreased sharply with increased
cement concentration between S/C ratios of 100/0 and 70/30, and then .
increased somewhat with further lowering of the S/C ratio. The decrease
in wettability in the S/C range of 100/0 to 70/30 is similar to the trend
seen with the 100°C samples. The surface of the control samples had a

Wy, value of 120 erg/cm?, and the lowest value (90 erg/cm?) was for the
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samples with S/C 70/30 filler. A possible reason for the increased wet-
tability of films with S/C 50/50 (and lower) fillers is enhancement of the
surface roughness by squeezing deformation of the films resulting from the
increased concentration of hydration macromolecules in the amorphous co-

polymer matrix.

This can be further clarified by studyiag the relationship between
cosine § and the IR absorbance ratio for the COO~(Ca) at 1540 cm~l fre-
quency and the C=0 zt;upa at 1710 ca*l, ror sanples that had been exposed
to hot water at 150°C (Table 1), the tendency for the absorbance ratio to
increase as the S/C ratio decreases is in agreement with that obtained
from films exposed at 150°C. This implies that the hydrophilic carboxy-
late groups formed by hydrolysis of the carboxyl groups present {an the
polymer mclecules are coaverted into hydrophobic Ca-complexed salt for-
mations by fonic reactions with free Ca2t {ons releasad from the cement
grains i{n an aqueous medium. Thus, reaction of the abuundant Ca ifous
available from larger amounts of cement {s thought to mske the polar
filn surface less hydrophilic and more hydrophobic. On the other hand,
cosine @ cecreased as the cement quantity was 1ncrcc:§d from S/C 90/10 to
70/30 and theu inczeased graduslly with further decreases in the S/C ra-
tio. 1In spite of being lydrophobic, the film surfaces may have snhanced
wettability betyween S/C 50/50 and 30/70 because of heightened surface
roughness and cunlargement of their microcracking spaces. The latter re-
sults from the “‘igh ilatermal stress councentration developed during growth
of large rydraisi macrowolecules, which allows the transportation of more

water.

To support the data on the wetting bdehavior, the surface free energy
for the exposed film samples was determined by methods developed by Oweuns
et 21.37 and Baszkin et al.38 which are especially applicable to the sur-
face characterization of polymers. Film surfaces that have high contact
angles lack affinity for water and have s lower surface energy. There-
fore, surface snergy is one of the important factors affecting water
permeabilicy.
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TABLE 1

Variation of Contact Angle and Absorbaace Ratio as a Function of S/C
Ratio for Samples Exposed at 150°C

s/c
ratio

90/10
80/20
70/30
50/50
30/70

..................................

Cos § (Water)

0.43
0.30
0.22
0.24
0.31

-31-

Absorbance ratio,
1540 em~l of C00-(Ca)

1710 cn-L of cag

0.043
0.081
0.104
0.136
N.142




In measuring the total solid surface free emergy v,, it is assumed
that vy ic the sum of two components: the dispersion forces vd and the
dipole-hydrogen bdounding forces YP. The geometric mean equation, propos-
ed as a natural extension of the Fowkesd? empirical formula by Owens et
a1.37. vas used to estimate these energy coatributions for fhc high

surface-energy systeams:

Yoo = Ya® + Yo - 2W(ve® D) - 2{(vgP TLP) (1)

where Ysr is the interfacisl tension ot the solid-liquid interface, YLy

is the surface tension of liquid om a free surface energy Y,° of the solid
while under vacuum, and vz4 vid and yv,P viP refer to the dispersion

forces snd polar forces in the solid and the liquid. Generally, equili-
brium at the solid-liquid interface depends on the four parameters governed

by the following Young's expression:
- - J.
Ty €08 0 = ¥4 T * . (2)

In dealing with the adhesion of a liquid on a perfectly flat solid surface,
the free energy of work of adhesion W, is given by

Wy = (l+ cos 9 ) + 28 (3)

Ty

By assuming that v® = 0 for Eqs. (2) and (3), these equations can be com-
bined and written as follows:

Vp = Ty, + vg° - Tgy ¢ (4)

Accordiugly, Eq. (1) can be reduced to ths general form
Up @ 2V(vg? vpd) +2JCrgP viP) . (%)

In Bq. (5), the values of v, and v, ?, which are 3eeded to obtaia the total
solid surface energy vy, are unknown. They can be determined by the meth-
od of Owens et ald? by messuring the contact angles with water (H;0) and
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methylene iodide (CHyI;). The latter is used because its molecules are
much larger than Hy0 and therefore canmot diffuse into the pores be

tween the hydrocarbon chains in the film. Values of W, for water and
methylene iodide were computed from experimentally measured contact angle
and surface tension values. Values for the parameters YLd and y.P

were obtained from data reported by Fowkes®0: YLd = 21.8 erg/cm2 and

d

vLP = 51.0 erg/cn? for water; ¢ = 42.5 erg/cn? and yyP = 2.3 erg/cn?

for methylene 1odide.

Figure 9 shows Y,P, st, and yg values plotted as a functioun of S/C
ratios for ccmposite films after cutoclave exposure at 100° and 150°C.
The values for v,P at 100° and 150°C are essentially independent of S/C
ratio between 30/70 and 70/30 and then increase with decreasing cement
content. The highest v P value obtained from the non-cement-containing
control samples indicated that the surface is composed of a hydrophilic
monolayer of oriented polar groups. Couversely, the lower Y,P values
correspond to a polar surface with a lower hydrophilic density. The
shift in st for the surfaces of samples autoclaved at 150°C indicated
a trend similar to that for the W, results discussed previously.

Values for st were lowest at a 70/30 ratio and then increased
rapidly with a further decrease in cemeant content. The changes in y,d
occurring between S/C ratios of 70/30 and 30/70 are considerably higher
(48.4% vs 6.6% ) than those for v,P. This suggests that ysd for high
surfacea-energy solid film surfaces is more likely to be associated with
surface roughness than with the inclination to polarizability of mole~
cules. It should also be noted that over a wide range of S/C ratios, the
variation in Y,d at 100°C is relatively small. Thus, the use of cement as
a method for increasing hydrothermal atability of films seens to be most
effective at ~100°C,

Since the total surface free enegy v, is the sum of the attraction
forces v P and Y'd, its curve is similar to that for y,d. The surface
energies for the control, from the curve in Figure 9, were 53,61 erg/cmz
at 100°C and 58,78 cté/cnz at 150°C, ~70% higher than thosa for samples
with S/C 70/30 filler.
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Figure 9. Components of surface free emergy as a function of S/C ratio for
samples autoclaved at 150°C (0) and 100°C (9).



The above results {ndicate that the hydrolysis of the pendent carbox-
yl groups in the superficial layer of the film enhances either the numbdber
or the accessibility of the hydrophilic groups formed from the functional
carboxylate groups previously detected by IR. Furthermore, the increased
roughness of the film surface due to the hydrothermal deterioration of
polymer matrices and the presence of extraordinarily formed inorganic mac-
romolecules sigunificantly increass water wettability and thus allow the

transportation of more water.

Scenning electron microscopy (SEM) is the Dest approach to character-
1zing the morphological features of the material surfaces. The micro-
structure and morphology of the composite film surfaces, before and after
exposure to hot water at 150°C for 3 days, were studied by this tech-
nique. Figure 10 (X 204) shows a surface of an unexposed bulk copolymer
film without any fillers. Its surface morphology is smooth, and evidence
is lacking as to whether the microcracking in the middle {s caused by
shrinkage of the copclymer or by deposition of gold film on its surface.
Exposure to hot water caused Jramatic changes (Figure 11). The polymer
molecules were strongly agglomerated by entanglement of the chain caused
by severe hydrothermal deterioration, resulting in increasad surface
roughness. The agglomerate particles counsist of approximately spheroidal
and spherical granules of ~40 um diameter. Since the amount of cosalescent
polyzer aggregation is thought to increase progressively with extsnded
exposure time, some of the agglomerate particles may be naturally removed

from the material surfaces, which would reduce the weight of the films.

An exposed copolymer film with silica flour filler (Figure 12) had a
heterogensous solid surface exhibiting different areas with largely ag-
glomerated polymer spheroids (A) and sharply pcotruding silica surfaces
(B). The agglomerate particles appear very similar to those observed on
the surface of the exposed homogeneous polymer. The roughnsnss of this
fila surface indicates that the coantinuous copolymer layer formerly coat-
ing the surface of the silica grains was removed during the autoclave ex-
posurs. This surface texture results in increased surface free energies,
weight loss, and water wettability. Pigures 13 and 14 show the surface
textures of films with S/C 80/20 filler before and after exposure in
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the autoclave, The former is characterized by a continuous layer of copo-
lymer coating the su.. ace of the original cement and silica flour grains.
The anhydrous cement grains cannot te distiaguished by their appearance.
Af ter exposure, some small pits were detectable, but in general the sur-
face was much smoother than that of the exposed film with silica filler.
This morphology verifies that the hydraulic cement prevents severe deteri-
oration of the polymer by the attack of hot water. Although at low magni-
fication the surface appeared smooth, enlargement to X 5000 diaclosed that
a number of knobs had developed on the surface (Figure 15). This may have
been caused by the internal stress associated with the hybrid compounds

of superficlially formed Ca-complexed ionomer and hydrated cement macro-
molecules. The improvement of the hydrothermal stability of copolymer
matrices by cement additives is apprarent from the microstructure of film
containing & large amount of cement. At a low magnification (X 48) the
surface texture of a film with S/C 30/70 filler after autoclave exposure
(Figure 16) shows numerous small cracks, in contrast to the agglomerated
copolymers and silfca parcicles seen on the films with silica filler

(Figure 12). Formation of the Ca-complexed fonomer, which would be ex-

B

pected to be stable at ~1509C, {s though to have prevented agglomeration

4
5

of the copolymer. The cracking may be due to shrinkage of the hydrated

- '-""‘;
‘-'{.;: -

v 's 'y

cement macromolecules. This suggests that the superfluous cement contri-

T
'

butes to surface roughness and thus increases surface free energy and wet-
tability. Two different phases ars seen in Figure 16, circular depression
portions (C) and rough areas (D). The former are probably representative

of the fresh composite surfaces disclosed by removing parts of a super-

ficlal layer of the Ca-complexed ionomer combined with the cement

macromolecules,

Detailed examination of the superficially formed complex layers was

accomplished by transmission electron microscopy (TEM). This analysis
vas helpful in the identification of the hydrated Ca0-Si0, compounds.

As {llustrated in Figure 17, the image shows a fibrous structure that at
higher magnification appears to be composed of dense masses of crystal-
line needles. The presence of both calcium and silica in this layer was

confirmed by energy dinporaléo X-ray fluorescence (EDX) attached to the

.“ 1-




. *(000S X) uorientjyuldeuw
73 33150dwod posodxa jo sinixal aovyang g1 aindya







SATNIONIIE [BISAID OCH-COFS-0BD SNF[-13913 Bupmoys ydeiSoldojw Kl "L1 dnsy4

.“-

RARMMBIS L PO B s e 80,0, %t 's e v T ONER 2 edaladed

S A L TR G R 0 e e S SR et e tada)




R PREERAR, XK

B -+ RGN

.

R )

..
.

DA

Se vy,

PR -
TRR. SHRE
R Y

)

SEM., In a £urth;r attempt to identify the hydrated compounds forming the
fiber-like structures, X-ray powder diffraction analysis vas performed.
Consequently, the crystallized hydration compounds were identified from
the broad peak at 3.03 R to be calcium silicate hydrate (C-S-H). These
fiber crystals which protrude from the fonomer surface as if froam an
arable land, are likely to function as a mechanical reianforcement for the

ionomer matrix layers.

Accordingly, the ternary crystalline fiber formed after exposure for
3 days to water at 150°C must be regarded ss a moderately crystallized
C-S-H compound formed during setting of the cement. The amount of C-S-H
foraations growing outward from cement grains increases with exposure
time, and such growth may fill the spaces between the original cement
grains and between the cement grains and the complexed ionomers. Fur-
thermore, the orientation of the closely packed gel structure may lead
to the formation of the {nterconnecting cross-links between their sur-
faces, cementing the whole mass together., This seems to verify that the
superficially formed inorganic macromolecule-complexed icuomer layers con-
tribute significantly to the hydrothermal stability of the film.

5. ERlectrode Potential of Coated Metal Plates

Water permeation is one of the most {mportant properties of films
designed for protective coatiang applications. To estimate the water
transport through the paint coatings, electrode potential measurements
of coated metal plates were made after exposure for up to 25 days in an
autoclave at 150°C, Samples in this test series contained fillers with
S/C ratios of 100/0 and 70/30, and the thickness of the coatings was 10
and 25 mil.

Test results from these samples are given {n PFigure 18. Although the
current flow through the coatings depends primarily on the film thickness
and the exposure period, it {s evident. from the figure that the coatings
with S/C 70/30 filler had a far lower current than those for the silica
copolymer coatings. The current flow through the 10 wuil coating with
S/C 70/30 was 0.42 mA after exposure for 25 days. This value 1s ~80%

. -43-
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less than that for the S/C 100/0 sample after the same exposure time.
This seems to support the theory that the superficially formed Ca0-510;-
470 macromolecule-ion complexed copolymer layers are probably responaibleb
for minimizi{ing the permeability of the polymeric composite coatings to

vater.

From studies of the dipole~-hydrogen bonding forces, dispersion
forces, surface free energies, surface morphological features, and elec-
trode poteuntial changes discussed above, it {s believed that the low water
permeability of the exposed coatings is directly related to lower hydro-

philicity, low-energy surface, and reduced surface roughness.

6. Conclusions

In studying the physico-chemical factors affecting the hydrothermal
stability of hydrated inorganic macromolecule-ionomer composite materials
for utilization as protective coatings on metals, the following generali-
zations can be couclusively drawn from the results described adbove. In
the formation of the ifonomer, the quantity of co0~(calt) gréupl produced
by ionic reactions occurring between the carboxylate anions and the nucla-
ophilic CaZt 1ons during exposure to hot water increases with {ncreasing
hydrothermal temperatures and higher zoncentratious of the cement used as
a source of divaient metallic cations. Evidently, the conformation of a
Ca salt bridge not only acts to inhibit the scission of the polymer chains
due to hydrolysis of the pendent groups, but also contributes siguificant-
ly to the thermal stability of {fonomer matrices near 300°C, This was
1n;'l£utcd by TGA aad DTA evaluations. SEN and TEM examinations of tue
morphology indicated that the {onomer composites combined with the hybrid
macromolecules to form very thin superficial layers on the films. The
major hydration macromolecules of cement forued dGuring the 3 day exposure
in the sutoclave at 150°C were identified to be the C-S<H compounds
moderately crystallized on the outward cement grains. Thase are primarily
responsible for the mechanical enhancement since they act as a reinforce-

ment for the protective ionomer layers.

.670




Ouce these components become the constituents of a film, the film
acquires some very interesting characteristics. One of inherent proper-
ties is that the glass tramsition temperature, Tg, tends to incresse with
increasing cement councentration. This affects the chain stiffness of the
polymer molecules. A maximum Tg of 63.59C was attained when 50 parts
silica flour and 50 parts cement were used, and the addition of more
cement decreaseld the T‘. Treunds similar to those for the Tg were seen

in the measurements of tensile strength of the films,

Avalysis of the above data indicates that interactions at the inter-
face between the configurated hydration macromolecules and the ionomer
chains not only result in stroung agglomeration and chain entanglement,
but also are likely to contribute to incremental interfacial stresses
which lead to chain enlargement occurring along with the growth of

macromolecules. = . e

Another characteristic observed is that the Ca-complexed iononmer
films have a lower vater permeability than the exposed films having silica
flour filler without cement. A possible reason for this is as follows:
The copolymer films with silics flour filler, after exposure to hot water,
contain & larger mumber of hydrophilic carboxylate groups yielded by
hydrolysis of the functional carboxyl groups in the polymer moleculs.
Contact angle measurements indicated a high surface free energy, v,, >30
utg/clz. In coutrast, the complex lonomer films coutaining the Ca salt
formation coordinated with 6 H,0 ligands are more hydrophobic. Thus, the
total surface free energy for the films with S/C 70/30 filler after expo-
sure to water at 1509C, was calculated to be ~34 org/cnz, ~427% lower than
that for films with S/C 100/0 filler. Conversely, the production of ex-
cessive cement macromolecules results in an increase in surface energy.
This is connected with changes in surface roughness due to the squeezing
deformation of the film. The results suggest that the lcw water perme-
abilicy of the exposed films is directly related to lower hydrophilicity,

low-ensrgy surface, and reduced surface roughness.
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I1I. NATURE OF INTERFACIAL INTERACTIONS BETWEEN POLYMER AND
PHOSPHATE-TREATED METAL SURFACES

Since one of the main factors affecting the durability of §rotcctive
coatings is the adhesion force to metal substrates, it is very important
to better understand the naturse and role of adhesion mechanisms and how
they affect the irterfacial sttractions between functionsl polymers and

metal surfaces.

Generally, good bounding can be attributed to the following four
elements: (1) mechanical interlocking associated with the surface topo~
graphy of metals, (2) surface wettability of metal by the polymers, (3)
strong chemisorption, and (4) type and degree of polymer-metal interfacial
interaction. Two functional polymer systems, polyacrylic acid and levu-
linic acid-modified furan, were emphasized to obtain the above informa-
tion. On the other hand, modifications to the metal surfaces are very
important to succesaful bonding. Therefore, two types of chemically oxi-
dized metal suyrfaces were evaluated in this study: (1) iron phosphating
crystalline and (2) zinc phosphating crystalline layers.

A. Materials

Commercial polyacrylic acid (PAA), 45 solution in water, having an
average molecular weight of 104,000, was supplied by Scientific Polymer
Products, Inc. The pendent carboxylic acid (COOH) groups on the macro-
molecules were partially neutralized by adding the calculated amount of
sodium hydroxide (NaOH). The degrees of neutralization used were 0, 20,
40, 60, and 80Z.

Commercial-grade furan (FR) 1001 resin having a viscosity of 470 cP
and a specific gravity of 1.22 at 24°C was supplied by the Quaker Oats
Company. The condensation-type polymerization of the FR resin was initi-~
ated by the use of 4 wtl Qua Corr 2001 catalyst, which is an aromatic acid
derivative. The gel time for a 200 g resin sample containing the initi-
ator was ~15 min at 249C, Commercial analytical-grade levulinic acid re-
agent (LA), CH3COCHCH,COOH, was employed to assembla the more reactive FR

macromolecules.

-49-




The metal used in the experiments was nocaresulfurized mild carbom
steel cousisting of 0.18 to 0.23% carbon, 0.3 to 0.6% manganese, 0.1 to
0.2% silicon, 4nd <0.04% phosphorous. To deposit iron phosphate and zinc
phosphate crystalline films onto metal substrats surfaces, the metal sur-
faces were polished with ultrafine emery peper and theun chemically treated
in an oven at 80°C for up to 24 hr. In the iron phosphate experiments,
the polished metal surface was immersed in a dilute (pH ~2.5) solution of
phosphoric acid (H3P0,). The zinc phosphate was deposited by {mmersing
the metal in an acidic solution comsisting of 9 parts sinc ortho phosphate
dihydrate [Zn3(P04)2.2H20) and 91 parts 15X H3PO, solution. The pH of
this solution was ~2.0. After depositing the oxide film, the metal sub-
strautes were dried in an oven at 1509C for ~3 hr to remove any moisture

from the film surfaces.

B. Measurements

The surface topography and morphology for the chemically treated metal
adherends were analyzed by AMR 100 | scanning electron microscopy (SEM)
associated with TN-2000 energy dispersive x-ray fluorescence (EDX).

A Perkin-Elmer Model 237 Spectrometer was used for infrared spectro-
scopic (IR) analysis. To obtain the basic information regarding the
interfacial reaction mechanisms, IR spectra were obtained for the samples
prepared in the form of KBr discs. The samples were powdered before mix-
ing and grinding with KBr,

The magnitude of the wetting force of the oxidized metal surfaces by
modified and neutralized liquid resins was messured using a Contact Angle
Analyszer in & 60Z R.H. and 24°C euvironment. All of the data were detar-
nined within 30 sec after drop application.

X. ray powder diffraction (XRD) analyses wers employed to identify the
oxide compound layers deposited on the treated metal surface. To prepare .
the fine powder camples, the deposited oxide layers were removed by scrap-
ing the surfaces aud were then ground to a size of ~325 mesh (0.044 mm).

.50.



Tne lap-shear tensile strength of metal-to-metal adhesives was deter-
ained in accordance with the modifled ASTM method D~1002. Prior to over-
lapping between metal strips 50 am long, 15 mm wide, and 2 mm thick, the
10 x 15 =m lap area was coated with the neutralized polyelectrolyte macro-
molecular adhesives. The thickness of the overlapped film ranged from 1
to 3 mil. The bond strength values for the lap shear specimens are the
maximum load at failure divided by the total bonding ares of 150 enl,

C. Surface Topography of Steel Prepared by Phosphating Solutiouns

Since the nature of the surface :icronorphology“lvaz and the
thickness®3+%4 of the deposited oxide layers relate directly to the
bonding forces at the interfacs, two different oxide film surfaces were
exanined by SEM and EDX. As illustrated in Pigures 19 and 20, the micro-
morphology and topography yielded by these two surface preparations ap-
peared to be very different. The topographical image of Lie HiPO4-treated
surface (see Figure 19) seems to consist of two discrinicable layers. An-
alyses of EDX peaks indicated that onew cf the layers consisted of irreg-
ularly deposited iron phosphate crystals and the other of iron oxide. The
former was composed of crystals characterized by circuler radiating and
thin plaéo-likc features. On the basis of the strong spacing at 31.28 and
3.60 £ on XRD patteras in the diffraction range 8.84 to 1.54 2, the crys-
"tallized compound layer was ideatified as irom (III) ortho phosphate
dihydrate (PeP0,.2H70). This vas slso confirmed by IR spectra analysis
which will be discussed in later sections of the report., From SEM obser-
vatious, it appears that the concentration of the crystal clusters of
FeP04.2H70 cover ~70 of the treated metal surface. Therefore, the H3PO;~
treated surface appears to consist of a hybrid layer of FePO4-Fej03-H30

absorbed on porous Fe oxide.

Figure 20 shows large lamel.ate block crystal growths of zinc phos-
phate hydrate compound layers arrayed uniformly on all surfaces of the

modified metal sites, The XRD patterns for these crystalline powder
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Figure 19, Scanning electron micrograph and EDX peak of H3
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Poa—treated metal surfaces.
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0. SEM photomicrograph and EDX diffraction peak of a lamellate block-like hopeite

Figure 2
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sanples disclosed a strong peak intensity at 4.57 and 2.83 £. Accord-
ingly, the highly crystallized layers indicated the formation of hopeite,

Zu3(P04)2. 4H20. As seen in the figure, the main microstructure features v Et;
of deposited hopeite films, compared with those for iron phosphate films, . :Ei
are extreme roughness, greater crystal thickness, and a more open surface éig
structure. Because of these topographical features, it is expected that I
the regularly interlocked hopeite crystals will provide a larger surface 'it

area for bonding and give sufficient mechanical interlocking with adhe-

sives. Also, penetration of adhesives into the pores on the open surface :f?
microstructure will help to enhance the bond at the polymer-hopeite inter- o
faces. In addition to the information obtained from XRD, it appears from
EDX peaks that some zinc is likely to be replaced by ferrous iouns. By
comparing the microstructure and surface topography of these two different
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. e, el . B

hydrated oxide layers, work was initiated to define the micromorphological
features that coantribute to the adhesion behavior at the polyelectrolyte 32}
macromolecule-oxidized metal interfaces. 235
AT
D. Polyacrylic Acid/Treated Metal Interface {?t
L
1. WVetting Behavior ;ik
The wettability and the adsorption btahavior of polyelsctrolyte macro- E:f
molecules on oxide layers wvere investigated on the basis of contact angle &ff
measurements nade 30 sec after deposition on the test surfaces. For this e
work, a 10% PAA solution was prepared by diluting 457 PAA with distilled Eﬂ:
vater. The primary purpose of this study was to evaluate quantitatively
the degree of interfacial interactions of the functional COOH groups and f.i
to assess the correlations that may exist between the surface morpholog- ?TT
ical features of oxide films and the dispersion forces of polyelectrolyte 2:?
macromolecules. Both the conformation and orientation of the pendent af;
polar groups in polyacid macromolecules will contribute to the magnitude . i;f
of surface wettability and spreadability onto the oxide films. Thus, }fﬁ
in order to describe how the regularly oriented macromolecule affects f;ﬁ
the dispersion function and efficiency, the pendent COOH groups were neu- ;f%
tralized by adding NaOH. The changes in conformation of PAA molecules f;f
-54- i




neutralized in the range of 0 to 807 were apparently verified by the shift
in IR spectra for these samples, as shown in Figure 21. The most
pronounced changes in these frequencies were an increase {n the peak
intensity of two new bands at 1550 and 1400 en~! with an increase in the
degree of neutralization, In addition, the carbonyl C=0 group frequency
at 1710 cm~! tends to shorten with lncreased degress of neutralization.
The absorption bands at 1550 and 1400 cm~! can be assigned to the
asymeetrical and symmetrical stretching vibrations of carboxylic anions,
Co0~. The spectra from the 80X neutralization sample indicates the almost
complete disappearance of the coanventional band at 1710 cml, These
results clearly demonstrate that salt complex formations having C00~ Nat
groups were yielded by the acid-base reaction between the carboxylate
anions formed by proton donor characteristics of the arrayed carboxylic
acid groups and the active neucleophilic Nat ions dissociated from NaOH in
the PAA solutions., These conformational changes contribute to the
subsequent entanglement and coiling of the macromolecules. Since the
extent of the intermolecule entanglement increases with the degree of
neutralization, the loss of functional groups at available adsorption
sites in the molecular chains may result in decreased dispersion and

vettability forces on oxide surfaces by PAA polymers.

The improved wettability of metals by the macromolecules is attri-
buted not only to interfscial interactions between the polar groups in
the polymer and the oxide layers, but 2lso to the enhanced activation of
modified metal surface 3ites at which the energetics of adsorption are
particularly favorable. The contact angles on the metal surface were
measured as a function of the age of the chemical treatment. PAA solu-
tions with 0, 20 and 40%7 neutralization were employed in this test series.
The data, shown in Figure 22, indicate that the contact angles for both
the H3PO,- and Zn3(PO,)7.4H0-treated surfaces tend to decrease with in-
creasing treatmenc times. When a non;ﬁiQéiiilzcd PAA solution was used,
the contact angles after a 24-hr surface treatment were reduced by ~63%
and ~81% for the H3PO4- and Zn3(PO4)3.4H20-modified surfaca layers, res-
pectively, when compared with those from polished surfaces. Although the
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Pigure 21. Infrared spectra of PAA polymers neutraliszed by NaOH; (a) 0Z,
(b) 20%, (c) 40%, (4) 60%, and (e) 80% neutraliszation.
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contact angles vere measured using a neutralized PAA, the magnitude of the
angle reduction for the Zn3(P0,)3.4H;0 layers is considerably higher than
that for H4PO,-treated layers at the same age. This indicates that the
open surface microstructure of hopeite crystals is easier to wet. The
data further indicate that an increased degree of neutralization results
in an {ncrease in the contact asngle. From thess observatioms, it can be
concluded that the migratioa of collectively entangled macromolecules
leads to a decrease in the magnitude of the spreading and capillary
forces, the magnitude of the interfacial wetting force is primarily de-
peudent on the conformation changes in adhesive molecules and the surface
topography of the deposited oxide films, and the presence of highly crys-
tallized hopeite layers which have an open surface microstructure i{n-
creases the wettability and despersion of polyelectrolyte mscromolecules.

2. Chemisorption

The purpose of the chemical treatment {s not oculy to increase the
roughness of the metal surface, thereby enhancing mechanical interlocking
bonds, but also to modify the surface chemicsl composition. Thus, it was
considered that the increase in wettability discussed above may also have
been due to interfacial interactions snd coaformation changes induced by
chemical reactions between the functiocaal COOH grouba and the oxidized
metal layers. To elucidate the nature of the interfacial chemical reac-
tion mechanisms, these oxide layers were removed by scraping the metal
surfates, and the removed oxide metal powders were then ground to a size
of ~323 mesh (0.044 mm). Samples vere pr.patod by mixing PAA polymers
with the finely powdered cxide compounds and subsequently curing them in
an oven at 70°C for 10 hr.

Pigure 23 shows IR spectra for irom phosphate cempounds, bulk PAA
polymers, and iron phosphate-PAA composites. IR analysis showed conspicu-
ous bands at frequencies of 3400 and 1030 ca~l in the lp‘cttl.fot ‘the irom
phosphating powder. These indicate the formatiom of irou (III) orthophos-
phate. The broad band near 3400 cm~l can be ascribed to the vibration of
the bonded hydroxyl (OH) groups of the hydrated oxide films, while the
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" at 1030 ca-l may be due to the vidbratioa of P04’3 in PeP04.2H20 com-
pound formations. Although frequencies below 600 en~l ars not shown in
the figure, the presence of divalent Fe fons was confirmed by two adsorp-

tion bands at ~570 and 375 cm~l,

The bulk PAA polymer samples exhibited major IR bands at frequencies
of 3400, 1710, 1430, 1380, and 1160 ca~l, The band around 3400 ca-l is
charactsristic of O-H stretching. The adsorbance of carboxyl (C=0) groups
is vepresented by the intense peak at 1710 cn~l, qnd the bands at 1430 and
1380 cm"l are associated with the dimeric OH fo-plane bending coupled with
C-0 stretching, and the vibration of methyl groups, respectively. The
band at 1160 ca-l may be assigned to inhe O-H {n-plane deformation modes.

When compared with the above two spectra, the spectrum for the iron
phosphate-PAA composite samples was characterised by the promounced pre-
sence of two new bands at 1550 and 1398 cm~l and a shorter band inteasity
for C=0 groups at 1710 cm~l. Since these vew peaks are attributed to the
asysmetrical and symmetrical vibrations characteristic of carboxylate
anion (CO0~) groups, it is presumed that i{nterfacial interacticu between
the COOH groups and the hydrated oxide layers is due to the following two

hypothetical mschanisas:

Type A: Acid-Base Surface Interaction Mechsnisms
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Type B: Salt-Bridge Intermolecular Reaction Mechaniszs by Free Ferrous
Ions
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Type A consists of a strong lonic interaction associated with charge
transfer bonding mechanisms which predominate over weaker dipole interac-
tions. Thus, it is believed that the carbhoxylate anion (C00~) produced by
acid-base surface {nteractiocns occurring between the functional carboxylic
actd (COOH) groups and the polar hydroxyl (OH) groups ou hydrated oxide
surface sites are strongly chemisorbed to oxidized metal surfaces. This

siguificantly enhances the wettability snd the bounding properties.

A3 an alternative possibility, mechaniss B 12 the salt bridge forma-
tion brought about by fonic bonding between the free rel* fous existing on
the oxide surface sites add the CO0~ anions. This formation leads to a
substantial increase in the coil-up and the entacglement iatermacromole-
cule density. The entangled molecules at the {anterface vesult ia a de-
crease in the polymer adsorption values to metal surfaces. Accordingly,
this spherical molecule phenomencn contributes to the formation of a weak
boundary layer under the surface due to lnsufficisnt polymer filling of
the cavities in the oxide fils layers. However, the rate of the formation
of the fonic interaction raglons and the density of entanglemcnt macromol-
ecules at interfaces are oot evident from the limited data. Nevertheless,
there is no doubt that, when the reactive surface oxide layer chemically
lntorséts with the orlentated COCH groups to form meval-oxygeu-polymer
{nterfacial cosplex bonds, the ylelded {onic bonds contribute parcicularly

to an {ncrease in adhesion.
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IR spectra for the PAA-Z0n3(PO4);°4H20 composite systems are given
ia Figure 24. The vibrational frecuency in inert hopeite puwder is repre-
sented by the marked peaks at 3560, 340C, 1630, 1110, 1010, and 950 cml,
The bands at 3560 and 1630 ca~l are assigned to the coordinated water sx-
pressed in terms of the hydrationm water. The latter band in particular
can be taken as another important means of {dentifying water of crystalli-
sation. The 3400 cs~! band s cousistent with the hydroxyl stretching
vibration of hydrated inorganic compounds. An sbsorption band {n the re-
glon 1100 to 1000 ca”l cau de explained by assuming the presence of tetra-
hedral phosphate ifous such as 9043". HPOaz‘. and HaPO4~ in the hydrated
zinc phosphate compounds. Since the P-O-(metal) linkage appears to have
the stretching frequencies for a P-O boaud and an O-(metal) bond in the
frequeucy range 1055 to 950 cm~l, the two bands at 1010 and 950 cm~! are
likely to represent the stretching vibration of the P-0-(Zn) dond.

The spectrum for the PAA/hopeits composits samples indicates a new
shoulder band at 1550 ca~l, when compared with those for the hopeite and
bulk PAA samples. The band at a frequency of 1550 cm=} corresponds to an
asymmetric stretching vibratiom of COO” groups in accordance with Type A
interaction mechanisms. As indicated by earlier SEM. and EDX studies,
very little, 1f any, free ferrous lous exist oun the oxide film surfacos.
The presecce of free zinc fons would also act to i{nhibic the spreading
forces of the oxide films by PAA polymer, thereby resulting in the entan-
Zlement of macromolecules. However, the councentration of the free zinc
fons adsorbed onto the hopeits surface sites vas not determined in this
study. In addition, the charge transfer leading to the nature of acid-
base reaction mechanisms between the polyelectrolyts macromolecules and
the regularly oriented polar OH groups of hydrated oxide filwm sites, 1is

_®ore likely to be associated with the carboxylic anions converted from

carboxylic acid groups rather than from the carbonyl group. Counsequently,
it vas found that the presencs of minimized divalent ~etallic fous at the

iaterfaces not ounly tends to increase the magnitude of wettability and
chesisorption of the oxide fila by the fuactional macromolecules, but also
enhances the evirommental durability of oxide-polymer bouds. In fact, the
strong intensity band of C=0 groups at 1710 ca”l seems to suggest that
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even though oriented active COOH groups are present and may undergo acid-
base !nteraction at all available -0OH surface sites, the rate of the
chemisorption at the interface regions will be small, Despite this small
chemisorption rate, the energy evolved by the chemical interaction is
enough to improve the 1uterfﬁc£al bond forces.

3. Lap Shear Bond Strength

In support of the s.udies of the nature of the adhesion mechanisms
and interfacial interaction processes described above, the lap shear bond
strengths when PAA polymers with varying degrees of meutralization were
used as metal-to-metal adhesives were determined. The average PAA ad-
hesive thickness for the overlap ranged from 1 to 3 mil, and the tests
on the lapped samples were performed after curing for 7 days at room

temperature.

Figure 25 shows the lap shear bonding forces at the chemically treat-
ed metal-PAA polymer interfaces as a function of the degree of neutraliza-
tion of the macromolecules. Correlations between the bond strength and
the neutralization rate of COOH groups were found for both treated and un-
treated metal surfaces. In both cases, the bond strengths decrease with
increasing NaOH uneutralization of the PAA. As already noted in the earli-
er section ou wetting behavior, the strength reduction i{s due to the poor
spreading and adsorbing characteristics of PAA adhesives resulting fron
the increased density of conformational entanglement macromolecules. The
spreading force is primarily dependent upoan the degree of neutralization,
but is independent of the degree of surface roughness of the deposited
oxide films. In fact, the highest strength reduction rate of ~81% was ob-
tained from the polished surface substrate bonded with 807 neutralized PAA
polymers. Similar results were obtained for both treated surfaces. As an
example, hopeite layers having a highly crystallized surface roughness ex-
hibited a loss in strength of ~71% at the sams degree of neutralization.

Without neutralization of the PAA, the adhesion force to the polished
metal surface is low because of the sbsence of mechanical interlocking and

chemical bounding at the interface. A stronger bond results when the metal
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Figure 23. Lap shear bond strength change in chesically treated metal-to-metal
PAA adhesives as & function of the degree of neutralization with NaOH.

P e W W W "




faces are given a chemical treatment to produce ¢ thick crystal surface
oxide. The maximum bond streugth of 650 psi (4.48 MPa) in this test se-
ries was attalined with the hopeite-deposited metal surface. This value
cerresponds to improvements of ~4 and ~2 times over those obtained from

polished and H3iPO,4-mulified surfaces, respectively.

To obtain further information regarding the polymer-hopeite inter-
facial bonding mechanisms, noun-neutralized PAA polymer was applied to the
hopeite surfaces and, after curing, the polymeric coating was physically
stripped from the hopeite surfaces. Both the bonded surface side of the
stripped polymer film and the coated hopeite side after stripping were
studied by SEM associated with EDX. Since most of the thin polymer film
tinaina on the hopeite surfaces, the presence of the joined pieces of
hopeite crystals could be detected visually on the stripped polyme~ film
surfaces. Morphological and energy-dispersive x-ray studies of the adhe-~
sive sites on the polymer films were therefore focused upon the bonded
hopeite pieces which were randomly distributed on the film surfaces. As
seen in Figure 26, the micromorphological image from the SEM resembles the
surface microstructure of hopeite deposited on the metal surfaces turned
upside dowu. The roughness of the polymer surface definitely verifies
that the polyelectrolyte macromolecules adhere very well to hopeite

surfaces.

The relatively modest technique of EDX has a high potential for de-
tccting the distributiouns and concentrations of the major chemical con-
stituents vhich exist at the solid material surface. When compared to the
EDX peaks for hopeite itself (see Pigure 20), it appears that the peak
intensity for the Zn atom {s strunger than those for P and Fe atoms. This
may mean that although other transitional metal {ons can be present, lar-
ger quantities of Za atoms may be traansferred to the polymer films froa

the hopeite surfaces.

Ia contrast, the costed side of the hopeite, as shown in Figure 27,
displayed microstructure features completely different from those of the
original hopeite crystal structures. EDX results indfcated that the
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Figure 26. SEM image and EUX analysis of bonded surface side of PAA film.
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Figure 27,

Surface topography with EDX pesks of coated hopeite layer site after
stripping polymer.
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itensity of Fe atom peaks increases significantly, whereas the Zu and P

tom peak intensities become less. Consequently, an alternative hypo-

hetical {nterfacial interactioa mechanism consistent with the above

bservation may be proposed.

ype C. Divalent Metallic Ion Crosslinking Reactions
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In the hypothetical Type C model, the carboxylic anion/hydroxyl group
interfacial lonic bonds which have a relatively high mobility may be con-
verted into more rigid divalent metallic bridge formations. From the re-
sults described above, the strong adhesion i{s essentially associated with
the topography of the deposited oxide hydrate compound films, the nature

of interfacial interactions, and the typa of degree of chemisorption at
the interfaces.

E, Modified Furan/Treated Metal Interface

1. Mechanical Interlocking Behavior

In general, good mechanical interlocking between a polymeric coating

and an oxide substrate can be attributed to the following: 1) the nature

of the surface topography and micromorphology of the deposited oxide lay-

er, and 2) tha physical properties of the adhesive and its ability to

penetrate easily into the pores in the oxidized films. The former re-

lates directly tc surface activation factors, such as the highly crystal-

lized oxide layer conaisting of an open surface structure and an adequate
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crystal thickness, These factors lead to an increase in the magnitude of
the wettability and spreadability of polymeri: adhesives on the oxide
films. The second element {s associated with the resins having low vis-

cosity and surface tecsion,

Oun the basis of the above concept regardiang the mechanical interlock-
ing benavior, it {s thought that the changes in the topographical features
that occur during the growth of zinc phosphate crystals significantly af-
fect the spreading and wetting Lehavior of the oxidized layers by the re-
sin. Thus, it is very important to assess systematically any correlations
that exist between the micromorphological nature of the aged oxide films

and the adsorption rate of resin on the films. As a first attempt to ob-

tain this information, the dagree «f crystallization of hydrated zinc
phosphate compounds deposited on the metal surface as a fuanction of the
soaking time in the zinc phosphating solution was investigated by use of

scanning electron microscopy (SEM).

Pour steel panels which were polished with altrafine emery paper,
were immersed in the Zn3(P04).2H70-H3PO,-H20 oxidizing solutiom at 80°C
for 1, 5, 6, and 24 hr, respectively, SEM photomicrographs of the treated
metal surfaces (Pigure 28) show that the degree of deposition and the mag-
nitude of the crystal growth ifncreased with increased exposure to the oxi-
dizing solution. The micrograph of the surface exposed to the solution
for 1 hr indicates many distinctive tiny rings, but no significant crystal
deposition on the surface i{s apparent. The crystalline rings may have
been produced by erosion of the metal surfaces by the chemically aggress-
ive oxidizing liquids. Closer exanination reveals that the ring sizes
ranged from 100 to 400 um in dlaneter, and that the rings were slightly
raised from the substrate surfaces. Thy microtexture of the metal surface
" changed dramatically from smooth to extremely vough after exposure for 3
hr. 1Its morphological features were characterized by the formation of a
block-appearing coatse crystal ~280 um in length, vhich was distributed
randomly on all surfaces of the modified metal sites. It appeared from

the SEM {mage after 6 hours' soaking (see Figure 28-C) that the coarse
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microstructure formed at age 3 hr was later converted into an almost
rectangular crystal structure. As seen in the photomicrograph, the mor-
phological features of the crystals formed at this age indicate a tri-
clinic microstructure characterized by three unequal axes intersecting at
angles oblique to each other. Further exposure (see Figure 28-D) resulted
in the formation of a promounced dendritic microstructure of tricliaic
hopeite crystals. The topography of the 24-hr-old hopeite film, as viewed
by SEM, was comprised of a dense agglomeration of circular radiating
rectangular zinc phosphate crystals. From this morphological image, it is
expected that the uniformly interlocked crystals will provide a larger

. surface area for bondiang and give sufficient mechanical interlocking with
polymeric adhesives. When the adhesive penetrates into the open spaces on
. the interlocking surface microstructure, the rectangular crystals will
become embedded in the adhesive phase and act as a reinforcement for the

polymeric matrix.

SEM is particularly useful in preparing stereophctographs that can
be viewed in three-dimensional relief with the aid of a stereoviewer and,
hence it can be used to determine the approximate thickness of the crys-
tals after various exposure times. These results are {llustrated in
Figure 29, The data indicate that, under the conditions employed, the
oxidizing‘aolution produces a £film, ihe thickness of which increases al-
most linearly with time for exposure perfods ranging up to 10 hr., Beyond
that time, the rate of crystal deposition seems to decrease significantly.
Highly crystallized hopeite layers ~200 um thick can be produced by im-
mersing the steel plate for ~15 hr in the phosphating solution at 80°C,
From the above results, it is apparent that the prolonged exposure to the
prescribed oxidizing mixture leads to the formation of highly dense inter-
locking crystals having an open surface structure. For a given crystal

thickness, adhesion to more interlocked oxide films can be expected to be

higher,

An increase in surface crystal thickness relates to an echanced sur-
face roughness and an increase in oxide surface area. The increased
roughness will enhance the degree of wettability of the oxide film by the
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11quid resin and increase the mechanical interlocking at the polymer-oxide
layer {nterfaces. Experiments to obtain quantitative information regard-
ing the magnitude of the wettability and the bonding forces were perform-
ed. In this work, determivations of the i{nterfacial contact angle at the
resin-oxide film boundary and the lap shear bond strength of metal-to-
metal adhesives were made as a function of the immersion time for the
metal substrate. A 957 furan - 5% levulinic acid resin system was used in
this test series. The mixture had a viscosity of 420 cP and a surface
tension of 37.4 dyns/cm at 24°C, The contact angles were measured within
30 sec afzer deposition of the liquid 1esin on the aged hopeite layers.
The changes in contact angles and shear bond strength as a function of
zinc phosphate treatment time are shown in Table 2. It was observed that
the contact angle decreases as the treatment time in the phosphating fluid
is increased up to ~24 hr, after which it remains constant. Since a lower
contact angle results in an increase in the magnitude of the wetting
force, it appears that the wettability of the hopeite films can be
enhanced by increasing the crystal thickness. The value for the contact
angle for the hopeite lnyerkproduced by immersion for 24 hr, corresponding
to a crystal thickness of ~203 um, was significantly lower (10.5° vs
30.8°9) than that for an untreated metal surface., Although crystal
thickness and surface roughness are major factors in the wettability of
hopeite films, the unique topographical features of the dendritic
structure of triclinic crystals and the facile penetration of resin into
the open spaces in the interlocking rectangular crystals may also

contribute.

As seen in Table 2, a strong correlation between the contact angle
values and the shear bond strength seems to exist. The latter increases
with decressing contact angle for treatment times up to ~24 hr, and then
levels off as the contact angle becomes counstant. The adherion to the
polished metal surface (time = 0 hr) is poor because of the absence of
interfacial {nterlocking., The failure region passes smoothly along the
shear frout and ianvolves only a small amount of polymer in plastic defor-

mation, giving a low shear bond strength of 140 psi (0.97 MPa). This low
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TABLE 2

Contact Angles and Lap Shear Bonding Force as a Function
of Treatment Time of Metal in Phosphating Solution

Treatment time Contact angle, Lap-shear bond strength,
_br deg psi (MPa)
0 3o.8 140 (0.97)
1 28.9 250 (1.72)
3 24,7 390 (2.69)
6 19.0 510 (3.51)
15 13.0 680 (4.69)
24 10.5 720 (5.00)
35 10.7 700 (4.82)
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strength for the untreated surfaces can be improved by a factor of 5.1 by
the zinc phosphate treatment for 24 hr. An ultimate strength of 720 psi
(4.96 MPa) was developed when the contact angle between the polymer and
the hopeite crystal layey was 10.59.

rrom the above results, it is apparent that the magnitude of the
adhesion at the liquid resin-oxide film interface depands mainly on the
arca of resin contact, thereby resulting in an increase in the resin wet-
ting capacity of the film surfaces. Thus, it is very important to esti-
mate quantitatively the dynamic wetting feasibility which is expressed in
terms of the rate of spreading. The primary objective in this work was to
develop a spreading model for the wetting processes on the oxide film. A
modified thermodynamic kinetics expression which may be rewritten in the
following form was used to develop the model. This {s as follows:

cos Oy
= d\cos g, - k(l cos Ot).

dt cos Q»

where GE is the contact angle at time t, Qn is the contact angle at

infinite time, and k refers to the spreading rate constant. The factor
cos O,

is defined as the rate of the coantact angle fraction advanced

cos @,
at time ¢,

With this model, an attempt was made to obtain quantitative informa-
tion regarding the rate of spreading on hopeite layers produced by the
different zinc phosphate treatment times. Experiments wers performed in
which contact angles were measured as a function of time after the deposi-

tion of resin on the substrate surfaces at aan ambient temperature of

cos O,
249C, Values for ln - --af) plotted againat the corresponding values
cos

of t are shown in Figure 30. Straight line relationships between the con-
tact angle and elapsed time are evident. As a result, values obtained

cos
from the slopes Aln (1- —...fk{)/At were used as the spreading rate

cos O,
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constant k. The i{afluence of the surface oxide film on the .y rading
.mobility of resins was evaluated by comparing the rate constant, k, for
various treatment times. The data indicate that the k value increases

as the treatment time of the metal surface is increased. The value of
4.80 x 10=2 sec-l after a 24 hours' treatment was ~3 timas greater than
that at age 1 hr. This means that a film thickness of ~203 um produced
during a 24~-hr immersion period has a more §tononnccd effact on the
spreading processes than that produced during a l-hr exposure. It appar-
ently verifies that the boundary of a sessile drop 1s significantly ad-
vanced by the growing hopeite crystal layers. Consequently, the crystal
thickness and the degree of surface roughness of thc'oxidc film appear to

have major roles in the resin spreading beharior,

In summary, it was found that hopeite films contribute to a good me-
chanical interlocking with polymeric adhesives. The bonding is attributed
to the uniform topography of the dendritic array of triclinic rectangular
crystals, the thickness of the crystalline fila, interlocking micromor-
phology, and the large open surface microstructure. Anchoring of the pol~-
ymer which penetrates into the open spaces in the interlocked crystal lay-
ers also acts to enhance the bond streungth at interfacial regions.

2. Interfacial Chemical Attraction

The presence of functionmal groups, such as hydroxyl, ester, and car-
boxylic acid, in the levulinic acid-modified furan resin molecules may al-
so contribute to the mobility to available adsorption polar hydroxyl (OH)
groups on hopeite surface sites, The chemical treatment is intended not
only to increase the rate of roughness of the metal surfaces, but also to
modify the surface chemical composition. In fact, IR spectra for fine
hopeite powders removed by scraping hopeite-deposited metal surfaces ex-
hibited a strong sharp frequency at 3560 and 3400 cm=l, which represents
the presence of coordinated water expressed in terms of the hydration
water., These strong bands represent the stretching vibration of OH groups
of hydrated water. Water of hydration is also distinguished from OH
groups by the presence of the H-0-H bending motion which produces a medium
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band at ~1620 cm~l, This band can be taken as another important means of
identifying water of crystallization and it is very useful i{n the elucida-
tion of inorganic structures. IR results suggest that water molecules in
the hopeite molecular structure are present as simple water of crystalli-
zation and as coordinated water in hydrates. The fact that the highly
crystallized hopeite formation contains a large number of polar OH groups
in water molecules indicates that it should be possible to form stromg hy-
drogen bonds to organic functional groups in polymeric coatings. There-
fore, a study was performed to {avestigate the role of water in the inter-
facial chemical attraction betweea the fuactional resin and the hopeite
layer. In an attempt to elucidate this role, composite samples were pre-
pared by incorporating the modified furan resins with finely powdered
hopeite which was removed from the metal surfaces, and then curing the
mixture in an oven at 8C°C for 10 hr, The composition of the hopeite- -
filled furan resin was adjusted by varying the concentration of the hope-
ite powder in the range of 0 to 702 by weight. After curing, the samples
to be used in IR spectroscopic analyses were ground to a size of ~325 mesh
(0.044 mm)., IR analyses for these samples, prepared in the form of KBr
discs, were conducted by interference techniques, using interfering discs

contalning various proportions of KBr and hopeite powders.

The resuitant IR spectra indicate that the most pronounced changes in
the peak intensity of IR absorption bands, as a function of hopeite con-
centration, take place in the frequency range of 1800 to 1350 em~l, As
seen in Figure 31, the absorption spectra for bulk furam-levulinic acid-
blend polymer showed a ccnspicuous band at a frequency of 1710 em~l and
weak bands at 1560 and 1420 cm~l, The prominent absorption at 1710 cm-l
i3 due to the stretch vibration of carbonyl groups (C=0) of levulinic
ester formed by cleavage of furan rings and of reacted or unreacted levu-
linic acid. The peaks at 1560 and 1420 cm”l are of approximate equal in-
tensity and can be assigned to the asymmetric and symmetric stretching vi-
brations of carboxylate anfon (C00~) groups derived from the analogy of
the fonized carboxyl groups. Of interest are the noteworthy changes in

inteusity at these frequencies that occur as the hopeits content in the
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composite systems is {ncreased. As is evident from the figure, the intemn-
sities of COO- bands at 1560 and 1420 cm~l tncrease markedly with increas-
ed hopeite concentrations. Conversely, the C=0 band at 1710 cm~l tends to
shorten with growth of the COO” bands. From the viewpoint of interfacial

chemical affinity, these results apparently demoastrate that OH groups on

the hopeite surface can hydrogen bond with the carbouyl oxygen atom {in

the polymer molecules. Thus, the C=0 stretching frequency of polymer de-

creases upon hydrogen bond formation through the carbonyl oxygen, whereas

that of the asymuetrical and symmetrical stiretching vibration of COO~anion
groups shifts to a higher frequency.

In practice, the rate of hydrogen bond formation between the C=0
groups in the polymer and the OH groups on hopeite is directly related to
the intensity of an absorption band or the absorbance at any given fre-
quency. This bond rate as a function of hopeite content, from C to 70%,
was quantitativels estimated by comparing the absorbance ra*io of the C=0
fiequency at 1710 em=l with that of the C00~ at 1560 cm"l, The absorbance
at a given wave nﬁmbet can be caiculated by using a Beer-Lambert law as

shown below:

Dy o log (IoX/IX)'

where D) is the absorbance at wavenumber A, I,; is the intensity of
incident radiation, and I, refers to the intensity of transmitted radia-
tion., For quantitative analysis by IR spectroscopy, the peak height or
the area of the band is usually taken as the criterion of band {ntensity.
Therefore, an accurate measurement of band intensity is required., The
value of transmittance (I,)) at the base of an absorption band was de-
termined by the use of the horizontal baseline connecting the two wings of

the complex bands.

As shown in Figure 32, the plot of the absorbance ratio as a function
of hopeite conceantration exhibits a direct linear relationship. This in-
dicates that the intensity of the band characteristic of CO00~ formztion
becomes stronger as the C=0 group band intensity decreases. Accordingly,

it appears that the OH groups formed on the outermost surface of hopeits
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layers are accessible to electron donor-acceptor interactions to form hy-
drogen bonds. This fact further suggests that a large hopeite surface
area, correaponding to the presence of a plentiful supply of polar OH
groups on the outermost surface sites, is more strougly chemisorbed by the
fuactional resin than a smaller surface area. This effect leads to an

incréase in the strangth of the mechanical bonding at the interfaces,

A possible interpretation for the facile resin mobility at the liquid
resin-hopeite interfacial regions can be developed from the nature of hy-
drogen bond mechanisms. When a resin, initially in a liquid.state, is
brought into contact with the hopeite films, the functionmal groups in the
l1iquid resin are mobile enough to migrate to the polar OH group sites on
the film where the energetics of adsorption to foras the hylrogen bonds are
particularly favorable., This behavior may be explained using a model for
a charge transfer bonding mechanism wuich predicts that the functional
groups will bond strongly to an oxygen atom forming metal-oxygen-reain
complexes. Charge tracsfer leading to the formation of chelate-type com-
plexes is much more common and seems to occur on most C=0 containing resin
surfaces., These C=0 groups can ster from carbonyl, carboxylate, ketone,

or other functional groups.

A study was conducted to elucidate the role of crystallized water,
often called hydrates, in hydrogean boud behavior, The water molecules of
crystallization are stable enough to remove water vapor from ordinary air
at ambient temperature. As mentioned earlier, the presence of these
thermally stable water molecules can be identified by the IR frequemcy . ¢t
1620 cm-! which s assigned to the bonding vibration of water crystalliiza-
tiou, Therefore, the rate of hydrogen bond formation of the water mole-
cule with the C=0 groups in the copolymer nay be estimated on the basis of
data obtained from quantitative analysis by IR apectroscopy. The analyti-
cal work was focused upon the changes in the absorbance ratio of C=0 bands
at 1710 cm~l and Hy0 bands at 1620 ca~l. The samples for IR studies were
prepared by mixing equal parts of i{nitiated furan-levulinic ac{d blend re-
sin and hopeite powder. To study the hydrogen bond reactior of C=0 groups

and H)0 groups, the concenration of levulinic acid reagent in the blend
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resins was varied, ranging from 0 to 40% by weight of total resin mass.

IR spectra were recorded for samples prepared in the form of conventional

KBr discs.

Figure 33 shows the changes in absorbance ratio which are calculated
from the peak intensities at the two frequencies (1710 and 1620 cm~l), as
a function of the levulinic acid concentration. The data indicate that
the absorbance ratio gradually increases with an increase in the amount of
levulinis acid. The absorbance ratio for the sample containing 40% levu-
linic acid was more than three times greatear than for the sample without
the levulinic acid. The reduction in the intensity of the H,0 frequemncy
at 1620 cm~l with tncreased C=0 groups is due to a lowering of the H-0-H
bond order by formatioa of the hydrogen bond, -C=0-----H,0, As is evident
from the above results, an interesting speculative possibility is that the
water crystals fcrmed on the hopeite layers play an essential role in
binding the oxide film-polymeric coating units together, thereby producing
good adhesion. All available crystallized Hy0 at the outermost sites of
the hydrated hopeite surfaces reacts chemically with the numerous func-
tionel groups modified by addition of the levulinic acid to the furan.
Subsequently, the proton-dorating ester and carboxylic acid groups chemi-
sorbed strongly with the polar OH groups are coaverted into carboxylate
anions which {nduce hydrogen bonding as a result of acid-base and charge
transfer interactions. It should be notad that the rate of hydrogen bond
formation between the functional groups and the H0 groups can be estima-
ted by determining quantitatively the reduction rate of the IR peak inten-

sity at 1620 cm-l,

F. Conclusions

It appears that for a metal substrate surface to achiave good bonding
with polyelectrolyte macromolecules, the interface and interfacial regions
should have the following surface activation elements: (1) a higkly crys-
tallized oxide layer consisting of an open surface struciture, (2) an ade-
quate crystal thickness, (3) the presence of rich polar hydroxyl groups
formed on the metal oxide surfaces, and (4) minimal free divalent metallic

ifons on the oxide films.
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Aa essential prerequisite for attaining good adhesion of macromole-
cules to hydrated oxide matal surfaces {s that sacromocleculss having
regularly ori{ented pendent COOH groups must continuously wet the rough
surface by spreading on and penetrating into the open surface microstruc-
ture and microfissures of the oxide filma. Subsequently, the proton-
donating COOH groups chemisorbded stronogly with the polar OH groups at
hydrated oxide surface sites must be converted intos carboxylic anious
which induce strong ifonic bonding as a result of acid-base and charge
tranafer interaction mechanisms. The mechanical interlocking and chemical
ifouic bouds formed at the pore wall, which are normal to the oxide hydrate
films, are primarily responsible for the molecular orientation. The pre-
ferred macromo!scule orientations in the polymer layer contribute signifi-
cantly to the development of the interfacial boud streagth, whereas the

' couformation change caused by the free-ion-complexed molecular structure,
resulting i{n coiled-up macromolecules, {s likely to result in a decrease

in interfacial bonding forces.

On the basiy of the experimental vesults and snalysis, the following
physico-chemical factors significantly affect the adhesion of levulinic
acid-modified furan polymer to crystalline hopeite films deposited on
netal surfaces. The nsture of the interfacial attraction which can be
nodified to achieve good bonding at the hopeits fila-wmodified furam poly-
wer ianterfaces, was ianfluanced by the following three elemants: 1) mech-
anical lnterlocking bonds which are provided by the degree of the surface
roughness of the substrates, 2) spreading forces of the deposited hopeite
polar fila by the functional liquid resins, and 3) chemical interaolecular

attractioas,

The highly crystallized triclinic hopeite has s cousiderable deposi-
tion weight, and a typical surface topography comprising a dendritic
microstructure array of an interlocking rectangular crystal vas confirmed.
This structure was found to be the primary factor contributing to the in-
creased mechanical faterlocking forcas associated with the mechanical
anchoring of tha polymers yielded by penetrating liquid resin into the
open surface microstructure and microfissures of the films. The extent
of hopeite~polymer interlocking depends mainly on the thickness of the
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hopeite crystals, the polar Hy0 groups at the crystal surface sites, and
the reactive molecular structure of the liquid adhesives. The coordinated
and crystallized H;0 molecules existing at the ocutermost surface of the
films were found to ﬁlay an essential rode in wetting the furan blend re-
sin coutaining a levulinic acid admixture which has functional carboxylic
acid groups in the molecules. Thus, the preseuce of a pleatiful supply of
polar H;N groups on a hopeite film surface with a crystal thickness of
~200 um acts as a good spreading key in promoting mobility of the fumnc-
tional resins. The ability of furan coatings to interact chemically with
the hopeits surfaces can be modified by {ncorporating an adequats amount
of levulinic acid. Hopeite-to-functional blend polymer cheamical affinity
is due mainly to the intermolecular Attr;ction tesulting from the forma-
tion of strong hydrogen bounds, C00~....H30, between the carboxylate groups
darived from levulinic ester or acid and the water molecules of hydration
at the hopeits surface sites.

IV. CHARACTERISTICS OF POLYELECTROLYTE-MODIFIED ZINC PHOSPHATE
CONVERSION PRECOATINGS

Although zinc phosphate treatmeuts are counsidered to be effective
for protecting cold-rolled steel plates, the crystallSae sinc phosphate
(Zu*Ph) conversion precoats deposited oun the substrate surfaces are
often porous, and as & tresult, ineffasctive, In addition, the resultant
crystal structure and film thickness play major roles in restraining
physical deformation failures of the metals. Increased coating thickness
results in increased brittleness, theradby enhancing the potentisl for

failure during flexure or other deformation,

The introduction of polyelectrolyte macromolecules into the zinc
phosphating l1iquid was found to significantly improve the stiffness, the
dyctilicy, resistance to moisture permeability, and the paint adherent
propertias of Zn- Ph couversion layers. Therefore, an aim i{n the study
vas to comprehensively elucidate how the polyelectrolyte containing
Zu*Ph conversion crystal film coatributes to the isprovement in the con-
trollability of crystal thickness, the wettability by liquid resim, and
the adherent properties to polymeric topcoat systems.
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A, Materials

The metal used in the experiments was nondesulfurized mild carbon
steel consisting of 0.18 to 0.232 C, 0.3 to 0,67 Mm, 0.1 to 0.2% Si, and
£0.04Z P. Fine crystalline polyacrylic acild (PAA) couplexéd sinc phos-
phate hydrate films were deposited onto the metal ssbstrate surfaces. The
sinc phoasphating liquid counsisted of 9 parts sioe orthophosphate dihydrate
and 91 parts 15X H3P0,4, and was modified by incorporating a PAA polymer at
concentrations ranging from 0 to 4.0% by weight of the total phosphating
solution. Commercial PAA, 23% solution in water, having an average molec-
ular weight in the range of 5 x 102 to S x 103, was supplied by Scientific
Polymer Products, Inc. The PAA- Zn+Ph composite coaversion film was
deposited ou the metal substrates by immersing the metal for 10 hr in the -
modified zinc phosphating solution at 830°9C. After depositing the com-
posite couversion films, the substrates ware left ia & vacium oven at
1509C for ~3 hr to remove any moisture from the film surfaces and to so-~
11dify the PAA macromolecules.

Commercial-grade polyurethane (PU) M313 resin, supplied by the Lord
Corpovation, was applied as an elastomeric topcoating. The polymerization
of PU was initiated by incorporating a 50% aromatic amine curing agent _
M201. Puran (FR) 1001 resin employed as a glaasy topcoating system was
supplied by the Quaker Oats Company. The condensation-type polymerization
of the FR resin was initiated by the use of 4 wtl QuiCorr 2001 catalyst,
which is an aromatic acid derivative. These initiated topcoatings were
cured in the oven at a temperature of 80°C,

B. Measurements

The image analysis of surface microtopography, measur.ment of crystal
thickness, and quantitative multi-elemant analysis of subsurface composi-
tion for the chemically treated metal surfaces were conducted with an AMR
100-% scanning electron microscope associated with TN=2000 energy disper-
sive X-ray spectrometry.
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A Perkin-Elmer Model 257 spectrometer was used for internal reflec-
tion infrared (IR) spectroscopic analyses. To detect the presence of the
functional organic polymers in the counversion complex films and to esti-
mate the concentration, IR spectra were obtained for samples prepareds in
the form of KBr discs. The samples were powdered before amixing aud grind-
ing with KBr.

Quantitative elemental information and identification of chemical
states at the surface of PAA-zinc phosphate composite crystal layers can
be obtained on the basis of the peak heights, precise determination of
bonding energies, and peak shapes deduced from x-ray photoelectron spec-
troscopy {XPS) cnalytical techniques. XPS spectra of sample surfaces. were
taken using a CLAM 100 Model 849 Spherical Analyzer operating in a vacuum
of 108 to 10”9 Torr. Measurements vere made with AL Ka radiationm.

X-ray powder diffraction (XRD) analyses were employed to identify the
Zn*Ph compound layers deposited on the tresated metal surface. To pre-
pare the fine powder samples, the deposited oxide layers were removed by
scraping the surfaces and were then ground to a size ~325 mesh (0.44 mm).
The magnitude of the watting force of the modified metal surfaces by furanm
resin coatings was measured using a Contact Angle Analyzer in a 60Z R.H.
and 24°C environment. All the data were determined within 30 sec after
drop application,

In the support of XRD data, a DuPont 910 Differential Scanning Calori-
meter with a heating rate of 109C/min in N; gas was used to determine the
thermal decompositions of the identified Zn'Ph compound phases.

In an attempt to evaluate the mechanical properties of the layers,
the stress-strain relation and modulus of elasticity in flexure were de-
ternined using computerized Instron Plexure Testing Systems, operating at
deflection rates of 0.5 to 0.05 mm/min, The deteraination of the stress-
strain curve was made on the tensile zones of metal plats specimens,

6.2 cm long by 1.3 cm wide by 0.1 cm thick, subjected to three-point
bending at a span of 3.0 cm,
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Modulus of elasticity, tensile strength, and elongation tests for the
cured topcoat polymers were performed on dumbbell-like samples 7.0 cm long
and 0.5 cn wide at the narr. .at section., Stress-strain diagrams wers ob-
tained with a tensile tester having a cross-head speed of 0.5 mm/min, All

strength values reported are for an average of three specimens.

Peel strength®3 tests of adhesive bonds at the polyurethane topcoat
modified metal substrate interfaces were couducted at a ssparation angle
of ~180° and a crosshead speed of 5 cm/min. The test specimens consisted
of one plece of flexible polyurethane topcoat, 2.5 by 30.5 cm, bonded for
15.2 cm at ons end to one pilece of flexidble or rigld substrate material,
2.5 by 20.3 cm, with the unbonded portions of each member being face to
face. The thickness of the polyursthane topcoat overlayed on the complex

crystal surfaces was ~0.95 an.

The lap-shear tensile strength of metal-to-metal rigid furan adhe-
sives was determined in sccordance with the modifled ASTM method D-1002.
Prior to overlappiang between metal strips 3.0 cm long, 1.5 cm wide, and
0.2 em thick, the 1.0~ x 1.5-cm lap ares was ccated with the initiated
furan adhesive. The thickness of the overlapped film ranged from 1l to
3 mil, The Instron sachine was operated at a cross-head speed of 0.5 mm/
min., The bond strength values for the lap shear specimens are the maxinmum
load at failure divided by the total bonding ares of 1.5 cal.

C. Deposition Weight and Thickness

The investigation to determine the ability of PAA polyelectrolyte

macromolecules to decrsase the quantity of crystalline Zn*Ph conver-

sion deposits was conducted using the following test procedures: the PAA
macromclecules in amounts ranging from 0 2o 2.0X by weight of total zinc
phosphating liquid were dissolved in the phosphating solution by stirring.
The polished metal plates were then immersed for up to 20 hr in the phos-
phating liquid with and without PAA at 830°C, Immedistely sfter immersionm,
the plates were placed in a vacuum oven for 10 hr at 130°C. The surface
of the dried plate was theun washed with acetone solveat 0o remove the
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multiple-layer PAA polymer coating from the deposition films and then
rinsed with water. The deposition weight, expressed as mg/cmz of treated
metal surface, was counsequently determined by a method in which the con-
version crystal film was removed by scraping the surface of a weighed

plate, and the plate was reweighed.

The results from the above tests are given in Pigufn 34, The result-
ant veight vs immersion time curves indicate that the coating voight pro-
duced from the PAA-modified phosphating or unmodified liquids tends to
increase with soaking time. For the ¢xidizing solution without PAA, the
coating weight after a 1 hr phosphate treatment was increased by a factor
of 2.7 by extending the immersion time to 20 hr. As is evident from the
figure, the coating weight can be reduced by adding PAA, and the amount
seems to correlate directly with the PAA coancentration. At a phosphating
age of 20 hr, the addition of 2.0 PAA produced a coating wefght of 7.9
mg/cm2. This 1s 30% less than the value obtained using a phosphating
solution without PAA for the same period of time. Thus, the preasence of
PAA macromolecules in zinc phosphate treatment processes reduces the coat-

ing weight, which could be economically desirable.

To further clarify the effects of PAA macromolecules on the coating
weight, the extant of the conversion crystai growth deposited on metal
surfaces was assessad using scanning electron microscopy (SEM). This
technique is particularly useful since, with the aid of a stereo viewer,
the crystals can be viewed in three-dimensional relief. Samples measuring
6 x 2 x 1 mm were used to determine the approximate thickness of the crys-
tals produced by zinc phosphate treatment lasting 7 hours., Ths specimens
were prepared by cutting a center portion of a larger-size metal plate
with a diamond wheel. The SEM examination was focused primarily on the

edge view of sliced sections., Pigure 33 shows SEM photomicrographs of
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crystalline films deposited on metal surfaces treated with PAA-modified

_ and un-modified phosphating liquids. The coarse crystals (Figure 35-a)
produced by immeraing the metal substrate in the conventional phospheting
liquid for 7 hr were ~120 um thick. Ia contrast, the coating deposited
from a solution containing 3.0X PAA was coansideradly thinuner and was com-

prised of relatively fine crystals (see Figure 35-b).

A curve of average crystal thickness as a function of PAA concentra-
tion was prepared by direct SEM observation of edge views in accordance
with the procedures described above., This curve {s shown in Figure 36.
The zinc phosphate treatment time for all specimens used in this study was
7 hr at 80°C. As is evident from the figure, the conversion crystal
thicknesa decreases dramatically with an increase in the PAA concentration
in the conventional phosphating liquid. Over a PAA concentration range
from 0 to 4.0Z, thickness varied between ~120 and ~35 um. The presence of
4.0% PAA in the solution reduced the thickness to less than 30X of that
from the couventional liquid. Although not shown in the figure, it was
not possible to deposit a coating on the metal substrate when 7.0% PAA was
added. It is apparent that when water-soluble polyelectrolyte macromole-
cules having an average molecular weight of 104,000 are used as a deposi-
tion-reducing admixture, the concentration of the macromolecules in the
phosphating liquid must be carefully estimated in order to produce a crys-
tal film of the required thickness and coating weight.

The amount of the PAA polymer deposition on the metal substrate sur-
faces can be estimated by using IR absorption spectroscopy. Since the
conversion of the PAA solution to a solid polymer is essentially completed
during the process of drying the deposited film surfaces at 150°C, the
powder samples for IR studies were made by acraping the formed PAA-zinc
phosphate composite crystal surfaces. IR spectra were then recorded for
the samples prepared in the form of conventional KBr discs. The composi-
tion of the PAA-modified phosphating liquid was adjusted by varying the
concentration of the PAA solution in the range of 0 to 3.0%.
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Figure 35. SEM micrographs of edge views of zinc phosphate crystal sections: metal surface

treated with conventional phosphating solution (a), and surface produced with a
3.0% PAA-modified phosphating liquid (b).
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The analytical work to compare the quantity of ths deposited PAA
polymers was focused on tne changes in band intensity of the carbonyl
C=0 at 1710 cm~l and the CH of saturated methylene at 1540 en~l which
represent the pendent and main chain groups in the PAA polyme:r structure,
Figure 37 shows the resultant IR spectra for these specimens over the fre-
quency range of 1900 to 1300 em~l, Referring to the figure, the conspi-~
cuous band at 1630 ca-! for all specimens is assigned to *he crystallized
vater of Zn'Ph hydrate films. Also, the intensities of the peaks at
1710 and 1440 cm-! gradually increase as the PAA councentration is increas~-
ed. This implies that the quantity of PAA polymer deposited is directly
proportional to the amount added to the phosphating liquid-:.

D. Surface Microtexture

The nature of the microtexture of the surface of the uamodified and
the PAA-modified Zn Ph crystal coatings was studied by use of scanuning
electron microscopy (SEM). Figure 38 shows electron micrographs of the
surface microstructure of the deposition compounds prepared by soaking the
metal substrate in the conventional and PAA-modified phosphating liquids
for ~20 hr. The conversion coating produced with the couventional liquid
(see Figure 38-a) is characterized by the formation of a promounced
dendritic microstructure of triclinic Zn+<Ph crystals. This morphologi-
cal i{mage indicates an interlocking structure of rectangular-~like crystals
which produces an extremely rough surface texture. In contrast, the metal
specimens treated with PAA solutions had a much smoother surface. Figures
38-b and ¢ show microtexture views of 0.57 and 2.0% PAA-treated metal sur-
faces, respectively. As seen in the photomicrographs, the topographical
features were progressively changed from rough to smooth by increasing
corcentrations of the PAA solution. This {s probably due to the multiple
PAA polymer iayers forming continuously on the surface of the cénvotaion
crystal film, However, the thickness of the overlaid PAA polymer films

was not determined in this study.

It wvas presumed that the cured PAA polymers would produce a mecha~
nically stable coating due to the formation of strong interlocking forces
associated with the anchoring of the polymers into the open surface
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microstructure and microfissures of the crystal films, and the formation
of chemical intermolecular attractions with the conversion Zn+Ph com-
poundz. Detailed information regarding the latter will be discussed iater
in this paper. The thin PAA film formed on the crystals may also act to
enhance the adherent properties of protective polymer topcoat systems be-
cause of the presence of fuactional carboxylic acid groups in the PAA

molecular structure.

Since the PAA overlayers can be removed by rinsing with an organic
solvent, considerable attention was given to the contrast between the sur-
face topographical features of the conversion coatings after the PAA was
removed. Metal surfaces used in the test series were treated with 0, 0.5,
1.0, and 3,02 PAA-modified phosphating liquids, and then washed with ace-
tone to Temove any PAA polymer, rinsed with water, and dried in a vacuum
oven at 130°C, Resultant SEM photomicrographs are presented in Figure 39,
Visual comparison of these micrographs, shows the dimensions of the de-
posited crystals to decrease with increasing quantities of PAA iun the com-
ventional phosphating liquid. The micrograph of the conventional surface
treatment (see Figure 39-a) indicates a dense agglomeration of fcctaugu-
lar-like crystals ~420 um in lsagth. Short rectangular-shaped crystals,
~320 um in length, are produced by the addition of 0.5%7 PAA (Figure 39-b).
With 3.0Z PAA, the crystal size is ~240 um, ~43% smaller than the convan-
tional crystal. Unfortunately, the reason for this is not evident. From
the viewpoint of surface topographical features, examination further indi-
cated that the unifornly configurated couventional Zn:Ph crystal is con-
verted into randomly distributed fine crystals as the PAA concentration is
increased. This may be due to the chemical transformations of the conven-
tional crystals by polyelectrolyts macromolecules.

E. Chemical States of Surface and Subsu=face

The ensrgy-dispersive x-ray (EDX) spectrometer coupled with SEM has
a high potential for the quantitative analysis of any selected elements
vhich exist at solid composite material subsurfaces. 1Its application can
greatly enhancs the results as well as facilitate the interpretation of
SEM studies. EDX spectra for couventional Zu-Ph and 3.0% PAA-modified
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Za°Ph composite film surfaces sre shown {o Pigure 40. The abscissa of

the spectrum is the x~ray eunergy characteristic of the slement present,
and the intensity of a gross peak count is related directly to the amount
of each element present. As ssen in the figure, it appears from the two
strong peak iutensities that the predominant elements in either the single
or the composite conversion coatings are Zn and P atoms. Comparigon of
count rates for the Za and P peaks indicatss that there is more Zau in the
coating system than P, Detailed information regarding the Zn-to-P count
ratio as a function of PAA concentratiocn will be discussed later. The
spectra also exhibited a weak peak of Fe, which is produced by the oxida-
tion of metal surfaces. Since photo-excited EDX is useful for the elemen-
tal analysis of layer; which are several micron thick, the Fe peak sug-
gasts that soms Zn ¢ distances up to several microns from the composite
film surface {s likely to be replaced by Pe.

Changas in the peak intensity of Fe by varying PAA concentrations are
also of interest. Iun Figure 40-b it is apparent that the Fe peak frequetr-
cy for the 3.0 PAA composite layer i{s much stronger than for the coaven-
tional phosphate coating. Although not {llustrated {n the figure, the Pe
frequency vas observed to grow with an increasing PAA concentration. This
implies that the thiuner crystal depoeition layers produced by incorpora-
ting large amounts of PAA solution cousist of hybrid compounds of szinc and
ferrous phosphate hydrates,

The EDX studies wers alsd> focused om the variation in Zn and P peak
{ntensities for composite subsurfaces bLefore and after rinsing with ace-
tons solvent., Pigure 41 {llustrate:s EDX survey spectra for uunrinsed and
the acetone-rinsed 4.0 PAA composite subsurfaces. The spectrum for the
untreated composite layer (Figure 4l-a) 1is characterized dy the consgicu-

ous frequency of Zn which is the dominant element in this system. In coun~
trast, the spectrum for the subsurface composite disclosed by removing the
PAA macromolecular overlayer from the crystal surfaces (Figure 4l-bd), ex-
hibited a noticesble tranamutation, namely, the {ntensity of the ZIn peak
becase much weaker compared to that of P, Even when smaller concentra-
tions of PAA were used to modify the couventional Zn:Ph layers, similar
spectral features were recorded for the acetons-treated composite coating
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FPigure 40. EDX analysis of uomodified (a), eiw 3.0Z PAA-modified sinc phosphate

(b), conversion coating surfaces.
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subsurfaces. This surprising result seems to demonstrate that a certain

amount of Zn is transferred to the interfacial contact layers of PAA mac-
ronolecules from the outermost Zan*Ph surface site. Hence, it was con-

cluded that the trausitional Zn element existing in the Zu-Ph molecular .
structure results in strong interfacial intermolecular attraction with the

functional groups of PAA polymers. .

The degree of the chemical attraction between the PAA and the Zn
element can be quantitatively analyzsed by comparing the ratio of Zn to P
atom peak counts for the acetone-treated composite surfaces. An aim {n
the acetone trestment for the composite surfaces was to remove not only
the bulk PAA polymer overlaid on the crystal surfaces, but also the PAA-
based reaction products formed at the interface. For comparison purposes,
Za to P count ratios for untreated surfaces were also computed. These
analytical rasults are listed {n Table 3. For the untrested composite
layers, the data indicated that the Za/P count ratic did not change very
much with increased PAA concentration. Ratios ranged from 1.28 for the
conventional zinc phosphate layers to 1.34 for 2.0% PAl-modified composite
coating surfaces. 1In coutrast, the Zn/P ratio values for the acetone-
rinsed composite surfaces appear to be affected by the PAA comtent. As is
evident from the table, the Zu/P ratios tend to decresase with an .ocrsase
in PAA macromolecules. The value of 0.77 at 2.0 PAA is ~40Z lower than
that for samples without PAA. This correlation suggests that the poly-
slectrolyts macromolecules have a stronger chemical affinity for Zn than
for P. Cousequeatly, the Zn bound chemically to the PAA migrated as a
result of the rinsing with acetone. From these observations, it can be
speculated that when the polyacid i{s introduced into the sinc-phosphating
l11quid, an appreciable number of divalent Zn ions ace preferentially taken
up by the functional carboxylic acid (COOH) pendent groups in the PAA mac-
romolecules which appear to act as a miniature ion-exchange system. The
binding of the Zn ious may be essentially electrostatic in character,
since ordinary equilidrium considerations cannot account for the bdinding
quantitatively.46 Hence, the reversible salt complex formation consist-
ing of C00~ Zn2* coordinated groups could be obtained by a charge transfer
iateraction between the carboxylate anions (C00~) formed by.the proton
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TABLE 3

Ratio of Zn to P Atom EDX Gross Peak Counts for PAA-Zinc Phosphate
Composite Films Before and After Rinsing With Acetone.

. Za/P Ratio

PAA,

4 Untreated

composite layers After rinsing with acetone

0.0 1.28 1.28
0.5 ' 1.39 0.87

. 1.30 0.81
2.0 1.34 ‘ 0.77
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donor characteristics of the COOH groups aad the active neucleophilic ZaZ+

ions dissociated from Za3(P0;)7°2H70 in the phosphating solutions. The
formation of the complex structure which involves intramolecular pairs of
C00~ groups associated with Zn fons i{n the zinc phosphate depoaiting
stages may play a key role in restraining the coaversion crystal growth,
resulting in the production of a finely crystalline Zn°Ph deposition.

Accordingly, considerable attention was given to understanding the
nature of the interaction at PAA-Za interfaces during the transformation
from a solution state to a solid counversion film. Assuming that the for-
mation of the interfacial bonding is a local phenomenon involving only a
few atom layers of PAA and Zn, & highly seusitive analysis technique such
as x-ray photoelectron spectroscopy (XPS) was considered as appropriate
for obtaining reliable information regarding the chewical interfaclal in-
teractions. XPS can be used to identify the chemical states and to obtain
quantitative elemental analyses d>f thir surface layers ranging from 5 to
50 £. Identifications can be made from precise determination of binding
energies, peak shapes, und other spectral festures. Quantitative analyses
are made from XPS peak heights or areas. In our approach to the inter-
face, it vas considered desirable to investigate the interface before the
occurr=ace of mechanically or chemically induced failure. Therefore, the
surfaces of compcsite layers containing the PAA overlayers were studied to
deternine the nature of chemical interactions. Thrae coating surfaces,
conventional zinc phosphate and 1.0Z and 2.0% PAA-modified Zn-Ph, were
employed in this test series.

Resultant XPS spectra indicated only four elements--Zn, P, O, and
C-=to be present on the composite coating surfaces. On the basis of the
binding energies (eV) of their XPS lines, the chemical states of Zn and P
are assigned to the zinc and phosphorous compounds and carbon is attribut-
ed to the organic PAA polymers. Oxygen is present in both the inorganic
compounds and PAA layers. The presence of Fe in the several-micron-thick
crystal layer, which was clearly confirmed by EDX spectra, could not be
identified on the XPS spectrum. This indicates that Pe atoms do not ex-
tst within 5 £ of the top surface of the composits coatings.
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Figure 42 shows typical survey spectra of the zinc 2p1/2 and

2p3/2core levelas and fllustrates differences in peak shape and peak
intensity between unmodified and PAA-modified phosphate layers. The
spectrum of the control surface is characterized by photoelectron peaks at
two levels of adsorption in the binding energy ranges of 1048 to 1046 eV
and 1024 to 1023 V. It is of intarest that these double peaks were
shifted to single peaks by the incorporation of PAA. The spectra also
show that the relative peak intensity tends to decrease with increasing
PAA concentrations. In contrast, no significant changes in peak inteunsity
and binding energy were observed from the phosphorus 2p core level spectra
of the PAA-Zn+Ph syatem layers. This is shown in Figure 43, The phos-
phorus 2p peak shapes for 1.0% and 2.0% PAA-modified composite layers are
quite similar to the peak shape of the control layer and have adsorption
levels at ~135.5 and ~134.3 eV, These results clearly suggest that the
functional PAA macromolecules are more strongly bound to the surface Zn
atom rather than to an inert P atom. Figure 44 exhibits XPS signatures of
oxygen 1S core levels. For the control layer, the peak at 532.9 oV
assigns to the oxygen as P-0 and Zn~0 bonds. However, it is not yet clear
whether it will be possible to distinguish the oxygen from either P-0 or
Zu-0. As is evident from the figure, the oxygen peaks associated with the
presence of PAA are shifted slightly to higher in binding enargies. The
shifting peak was 0.8 eV higher than the control layer. This difference
implies that the oxygen induced from the PAA-overlaid composite layers is
related to that of COOH groups located in the pendent sites in the PAA
molecular structure. For the 0 ,, peak for the PAA composite layers, the
peak intensity at 2.0% PAA 1s fairly weak compared to that for 1.0% PAA.
This seems to suggest that the presence of a large number of COOH groups

leads to a stronger chemical affinity for the zinc atonms.

The chemical accessibility of the COOH groups to the Zn atom can be
estimated from the shift in binding enargy of carbon 1S at ~290 eV which
ascribes to the polar C=0 groups. To obtain this information, two dif-
ferent PAA-Zn+Ph composite layers were used. One was a PAA-modified
phosphate crystal conversion film produced from a 0.5% PAA-zinc phosphat-
ing mix liquid; the other was a PAA-coated crystal layet formed by means
of vacuum vapor deposition of the PAA sclution on a preformed phosphate
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crystal surface. The latter was prepared on the assumption that a stroung
chemical interaction at PAA-Zn atom interfaces would not occur. Two C 4
spectra for these layers are illustrated in Figure 43. The spectrum for
the PAA-coated layer exhibits a predominant peak at 284.9 eV and & minor
peak at 289.8 eV, The former binding energy is associated with the
characteristic alkane line contribution expressed in terms of the backbdone
carbon, and the latter reveals the C=0 in the pendent COOH groups. When
compared to the two peaks for the coated layer, conversion layer peaks are
siiifted significantly to a high binding energy. The difference betueen
the binding energy values was 1.4 eV for the alkane line and 0.6 eV for
the C=0, The figure alsoc shows that the peak intensity of the alkans line
for the conversion layer is approximately the same as for the coated
layer. In contrast, it appears that the peak Intensity of the C=0 is
considerably greater than for the coated layer. This change in peak shape
and increase in binding emergy 1is probably due to the strong accessibility
of the functional side COOH groups to the metallic atons. On the other
hand, the strong {ncrease in bouding energy of the alkane line for the
conversion layer is likely to represent changes in counformation of the

linear backbone chains which are assumed to be planar or zigzag.

From the results of the above EDX and XPS spectra analyses, it is
speculated that the interfacial interaction between COOH and Zn which
transforms the PAA-zinc phosphate solution into solid composite films is
due to the following hypothetical mechanisms: the proton-donating func-
tionel COOH groups chemisorbed stromngly with the Zn atom at the outermost
surface sites of Zn:Ph crystal layers are converted into COO” anious.
These anions induce strong lonic interactions associated with charge
transfer bonding mechanisms. Subsequently, the couverted COO“ groups are
transformed into unique bridge formations through a cross-linking reaction
with Zn atoms. Hence, increased amounts of PAA will {ncrease the degree
of the cross-linkivz reaction., This also suggests that the chemical
effect of the surface Zn atoms results in intermolecular bridging, which
acts to connect the PAA macromolecular and the zinc phosphate layers. On
the other hand, the newly formed Cu0-Zn bond may act to break the original

zinc-oxygen bond in the zinc phosphate molecular structure. In fact, as
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confirmed from the EDX spectra analysis, the removal of Zan-complexed PAA
macromolecules by rinsing with acetone solvant apparently confirmed that
the original Zn-0 bonding force is much weaker than the C00-Za bond. The
tightly bound oxygen-phosphorus joint in the crystal molecules is likely
~to be unaffected by CO0-Zn complex formations.

The reduction of Zn-0 bonding forces ceused by increasing PAA concen-
tration was qualitatively interpreted using IR spectrometry. IR measurs-
ments were made on PAA-cross-linked Zn.Ph powder samples (size 0.04 mm)
temoved by scraping the substrate surface. The IR gpectra for the samples
prepared in the form of KBr discs were recorded in the range 1200 to 1000
ca"l, The resultant IR spectra for all the Zn*Ph samples modified with
up to 3.0Z PAA were charactezized by the presence of twc conspicuous
absorption bands. Table & presents the positions of the two bands ob-
tained in this study. In the 0.3 PAA-Zn+Ph system, the first absorp-
tion band at 1110 cm-l would seem to be due to the P=0 double bord, and
the second band at 1030 ca~l is assigned to the stretching frequencies of
P-0" zroupn.“7 As shown in Table 4, the pocitiohs of these two bands
tend to shift to lower frequencies as the PAA content increases. It ap-
pears that the band shift {s dependent on the PAA concentrations in the
Zu*Ph hydrate. Even though the position of the Zn-0 frequency is not
detactable in the Zn'Ph compounds, it can be interpreted that such a
pronounced shift of both the P=0 and P-0~ frequencies may be duec to the
reduction of the bonding energy between nonbridgiag oxygen ions and zinc
ions in the P-0-Zn units. This implies that the extended PAA-2Zn bonding
force leads to a weaker Zn-0 bond. However, the t-ansformation mechanisms
and counversion processes for PAA-cross-linked Zan:Ph layers from its
solution state to & solid film are not evident from these limited data.

Attempts to identify the crystalline conversion products of the PAA-
zinc phosphats systems were made using x-ray powder diffraction (XRD) and
differential scanning calorimetry (DSC). Both are reliable methods for
detecting the counstitution and alteration of deposition surface layers.
XRD using Cu Ka radiation at 50 kvvand 16 mA and DSC at a heating rate of
10°C/min in N, gas were conducted on uonmodified and 1.0 PAA-modified
Zu+Ph powders.
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TABLE &

Variation in Infrared Absorption Band Positions For Zinc Phosphate
Compounds as a Punction of PAA Content.

Infrared absorption band positions (em~l)

PAA,
4 P=0 groups P=-0" groups
1110 1030
1100 1023
. 1090 7 T 71020
. 1080 1010
=1ll4-
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XRD tracings recorded in the diffraction range 4.67 to 2.49 )¢ for
powdered samples are given in Pigure 46. Por the control samples, the
stroug lines at 4.51 and 2.83 X, the medium 1§ton31t1¢l at 3.44 and
3.36 2, and the weak diffractions at 3.99, 2.62, and 2.59 2 are near
ly identical to the XRD pattern for zinc orthophosphats hydrate
(Za3(PO,)2°4H20]. Although the pattern shows other weaker lines
which might represent some unidentified phosphats compounds, the major
phase of crystalline counversion products yielded from the conventional
zinc phosphating tieatment {s believed to be hopeite. In contrast, XRD
patterns for the 1.0% PAA composits layer revealed quite different spac~
ings, compared with those of the coutrol. This suggests that the PAA
leads to the transformation of the hopeite into the Zn*Ph compound
phases having different chemical constituents and structures, The pattern
in the limited diffraction regions seems to demonstrate that the trans~
formed deposition layers consist of a hybrid phase of the ternary Zn-Ph-
based hydration compounds. One of these compounds was identified as
tertiary zinc orthophosphate dihydrate, Zn3(PO;);°2H0, represented by
the broad spacings at 3.17 and 2.91 R and the small diffraction effacts
at 3,01, 2,61, and 2,50 R. The presence of other unknown products is
evident from the medium lines at 4.18 aund 3.91 £. However, a speculative
mech;nism for the tranaformation into the dihydrate-based Zn:Ph layers
by the PAA is not clear at present. The role of Zn-complexed PAA macro-
molecules in transforming the conventional zinc phosphate molecular struc-

tures remains a subject for speculation and further research is required.

In support of the XRD data, typical DSC thermograms recorded as a
function of temperature during the thermal decomposition of these samples
are illustrated in Figure 47, The thermal measurements were performed in
the temperature range 50° to 400°C., The thermogram for the control sam-
ples shows endothermic peaks at 809, 1759, 2259, and 2359C. The very
slight endothermic peak at 80°C indicates a loss of moisture adsorbed

on the sample aurfaces. The prominent peak at 225°C, with an onset
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temperature of lecomposition at ~1759C, is associated with the dehydration
of the crystalliszed and coordinated water removed from the samples. The
dehydration can alsoc be :ecognized froem an extreme reduction in the ab-
sorption intensity at 1630 cm~l fraquency on the IR spectrum for samples
heated to 223°C, The peak at 235°C may mean the approach to the end of
the transition from the hydrated to the unhydrated szsinc orthophosphats.
On the other hand, the endothermal curve for PAA-complexed Zu'Ph layers
indicates that the major thermal decomposition of the samples begins at
~1609C and the rate of decomposition rises to a xaximum. This is followed
by increasing decomposition heat which reaches s main peak at 200°C and
subsequently leads to the generation of a new endothermal peak at 310°C,
The latter may represent the temperature approaching the end of the
transition phase. The temperature at this major peak corresponds to a
259C reduction in the decomposition temperature, compared with that of the
control. This shift is likely to be associated with a low degree of crys-
tallinity of the Za:Ph hydrate formed by the complex reaction with PAA.
The conventional zinc layer is highly crystalline which results in a brit-
tle vonflexible material. The lower crystallinity of the PAA-modified
films makes them more flexible. This is discussed in the next section.
Conssquently, the resuits from the XRD and DSC studies suggest that the
addition of PAA to the conventional layers results in the assembly of hy-
brid Zn+Ph crystalline phases consisting of constituents and a chemical
structure different from those of the conventional filx. Furthermore, the
functional polyecid macromolecular acts to reduce the degree of crystal-
linity of the Za*Ph hydrate depositud on the metal subatrate surfaces

and also leads to the production of finely crystallized coating layers.

F. Elastic Behavior

The ductility and toughness properties of the crystalline comversion
film itself are of considerable importance vhen the physical deformation
characteristics of the metal substrates are considered. Por instance, in-
creased thickness of the deposition film layers makes the film increasing-

ly bdrittle, theredy enhancing the poteantial for failure during flexure or
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other deformation. Generally, deformation failures of the layers having a
low stiffness characteristic relate directly to the development of micro-
pores and fissures which reduce the effectiveness of corrosion-resistant

coatings. .

Pigure 48 is a typical stress-strain diagram for control and 2 PAA-
complexed Zu-Ph layers deposited on metal surfaces. The atress was com-
puted assuming elastic behavior of the flexural member, and the strains

were computed from the deflection measurements.

In the figure, the elastic region is the straight-line portion of the
stress-strain curve from zero strain to the strain at point A, The elas-
tic behavior implies the absence of any permanent deformation, so that
point A is termed the proportional limit of the material. The slope of
the line from the origin to A is the elastic modulus E. Physically, E re-~
presents the stiffness of the material to an imposed load. The resultant
flexural wydulus for PAA-complexed layers was computed to be 9.33 x 106
psi (6.57 x 104 MPa), corresponding to a value more than twice that of the
control specimens. This suggests that the stiffness of conventional crys-
tal layers can be improved significantly by the incorporation of PAA.

The stress assoclated with the yield point of a layer is represented.
by the position of the line ab in Figure 48, The flexural stress at the
yleld point for the control was increased by a factor of 1.7 by adding a
2% councentration of PAA, In addition, the stress of the complexed layer
during yielding increased somewhat with an extended strain, and an ulti-
mate stress of 33.6 x 103 psi (232 MPa) was obtained at 1.08% strain.
Further increases in strain resulted in stress reduction. In coantrast,
the control exhibited no I{ncrease in stress after the onset of yielding
deformation was noted. The deformation takes place at an essentially con-
stant stress of 19.2 x 103 psi (132 MPa) until the stress reduction occurs
around 0,.75% strain,

The magnitude of the relative toughness of the materials can be ob-
tained from the stress-strain curves by drawing perpendicular lines from

the ends of the curves to the strain coordinates and then measuring the
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- total area under the curves. The area for the complex specimens was con-
siderably greater thau that for the control specimens. This apparently
verifies that the deformation nature of the conventional crystal deposi-
tion can pe made more ductile by the formation of a complex structure with

PAA macromolecules.

! Figure 49 shows the flexural modulus plotted against PAA concentra-

tion. The curve indicates that in the PAA concentration range from 0.4 to
3.0Z, the modulus increases progressively. The maximum flexural modulus
of 99.0 x 107 psi (68.2 x 103) was obtained at a 3.0% concentratiom, which

- —— . mo:

is an improvement of more than a factor of 2 over specimens without PAA.

P

Further PAA additions result in modulus reductions. Similar trends were

observed from the results of atress at the yield points of these speci-

SRS

mens. A yleld stress of 18.1 x 103 psi (125 MPa) for the control speci-
mens was increased by a factor of 1.7 by the modification with 3.02 PAA,

On the other hand, changes in thickness and fineness parameters of
the deposited complex crystals appear to have a direct effect on the stif-

fness and toughness of the crystalline layers. Therefore, changes in

these parameters resulting from variations in the PAA concentration over

- .-

the range of 0 to 4.02 were assessed from SEM images., Factors which ap-

peared to affect the mechanical properties of the crystals were then cor-

-

related with flexural modulus values for the coatings.

The variation in flexural modulus as a function of the average thick-
ness of the crystal is given in Table 5, It is apparent that the modulus

value increcases markedly with a decrease in thc-cryscal thickness, ranging

from 120 to 52 um. PFurther decreases in thickness are likely to result in
reductions in the modulus. The maximum modulus was obtained with an ~50

um thick layer, which is representative of the most suitable crystal

Since the PAA overlayers can be removed with an organic solvent
rinse, considerable attention was given to the coatrast between the rela-
tive crystal finemess of the couversiom coatings under the PAA., Matal
surfaces usad in this test series were treated with 0, 0.5, 2.0, and 4.0%

1}

[}

)

1

{

t

$

thickness value. i

{

}

{

|

|

=121 f

1
{




(75.8)

100
(68.9)

o
O -

(62.0)

(0]
®)

(55.1)

-~
O

(48.2)

(o))
O

(41.3)

FLEXURAL MODULUS, x10% psi (x103 MPa)

50 F
(34.5)l
40
(19.3)1 | | | |
% 1.0 2.0 3.0 4.0

PAA, %

Pigure 49. Changes in flexural modulns of conversiou layer as a

function of PAA concentration.
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PAA-modified phosphating liquids, and then washed with acetone to remove
any PAA polymer. The plates were then itinsed with water and dried i{n a
vacuum oven at 1509C, The changes in crystal size as a function of PAA
coucentration were observed using SEM., Visual comparison of these micro-
graphs confirms that the dimensiouns ~£ the deposited crystals decrease as
the quantity of PAA in the conventional phosphating liquid is increased.
The micrograph for the surface treated coaventionally indicated a dense
agglomeration of rectangle-like crystals ~420 um in length. This crystal
length was reduced by half by the addition of 2.0% PAA, With 4.0% PAA,
the conversion formation conalsted of short rectangularly shaped coarse

crys:a.s ranging in size from ~180 to ~20 um,

From the viewpoint of surface topographical features, the SEM images
indicated that the uniformly distributed n~onventional Za*Ph crystal is
converted into randomly distributed fine crystals as the PAA concentration
is increased. Thus, the dense arrangemnent of very fine crystals formed
irregularly on the substrate surfaces rasulted in a modulus somewhat lower
than that for layers having a desirable crystal size. The most effective
crystal length t. achieve the high modulus was consequently noted to be in
the range of ~200 to 60 um. The optimum crystal formatiom, therefores,
appears to be a highly densc agglomeration of complex crystals ~50 um
thick and ~60 to 200 um in length.

The increase iu the stiffness of the layers is not only due to the
thickness, fineness, and density of the plasticized comvers’'on formations,
but aiso is assoclated with the average molecular weight of the PAA, The
effect of the PAA molecular weight (M.W.) on the flexural modulus of the
precoat layers was investigated over a M.W, range of 5 x 102 to 2.5 x
1.5, In these studies, the complex precoats were derived from a mix soiu-
tion prepared by incorporating a 32 contentration of the various PAA poly-
mars into the conventiounal zinc phosphating solution. Figure 50 shows the
correlation between the flexural modulus and the molecular weight of the
PAA. The curve indicates that the modulus related directly to the molecu-
lar weight. The use of PAA with a molecular weight of 2.4 x 103 resulted

in the formation of crystal layers having a modulus 1.6 times greater
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than that of the layers produced with PAA of M.¥, 5 x 102, The layers
derived from acrylic acid monomer exhibited a modulus of 58.3 x 103 psi
(40.2 x 103 MPa), ~7% lower than that from M.W. 5 x 102. These results
auggest that the M.W. of the PAA polymer plays aun important role {n in-
creasing the stiffness of the complex couversion layers. This increase in
stiffness also increases the ductility.

C. Adhesion at Topcoat/Precoat Interface

Necessary properties for the complex couversion films are chemically
and physically attractive surfacss which promote adhesion to orgaunic poly-
mer topcoatings, and the ability to form corrosion-resistant protective
coatings on metal substrate surfaces. With regard to the former, the pre-
sence of the functional PAA polymer on the complex precoating surface
Tesults in a film which acts {n a mauner similar to a primer for couven-
tional polymer topcoats. This primer formation displays an ability to
promote bonding forces at the interfaces betveen the complex precoating
aud the polymer topcoating materials. The intstfacial adhesive mechanism
was inferred to be due primaxily to polymer - polymer chemical affiaity.
Hence, it can be expected that the elastic behavior of the precoating
sites in the éhcnicolly bonded interfacial region depends primarily om the
mechanical and aihesive characteristics of the organic materials employed
as the topcoating system. These properties include the modulus of elasti-
city, tensile strength, and elongation for the polymer topcoat materials
and the bond strength at the topcoat-precoat interfacs.

A study was counducted to understand the intsrplay between the topcoat
and precosat in {mproving the stiffness and ductility of the crystal con-
version layers. The two different topcoating systems described in the
Materials Section, polyurethane (PU) classified as an elastomeric polymer,
and furan (FR), a glossy polymer, were used in the study. Some mechanical
properties of these polymers are given in Tadle 6. As is indicated in the
table, the modulus of elasticity for the YR polymer was 2.28 x 103 psi
(1.57 x 103 MPa), greater by an order of magnitude than that of the PU
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TABLE 6

Mechanical Properties of Glassy Furan and Elastomeric Polyurethane
Polymers Used as Topcoating Systems

Modulus of elasticity, Tensile strength, Elongation,
Topcoating psi (MPa) psi (MPa) ) 4
furaa 2.28 x 109 (1,57 x 103) 1820 (12.5) 1
polyutethane 1.47 x 104 (1.01 x 102) 3390 (23.4) 1040
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polymer. The tensile strength and elongation values for the elastomeric
PU are cousiderably higher than those of the glassy FR polymer. The
extremely high elongation of 1040% for the PU is three orders of magnitude
greater than that for the FR polymer (12).

The adhesive characteristics for the elastomeric PU topcoat to the
precoat surfaces were evaluated on the basis of 180° - peel strength
tests. The tast lpdciuu used to determine the bonding force at the PU-
precoat interface were prepared by overlaying an {nitiated PU polymer onto
the metal substrate surfaces that had been modified with the zinc phos-
phating solutions containing up to 4% PAA polymer (M.W. 104,000), Over-
laid specimens were theu left in a vacuum oven at 809C for ~10 hr to cuze
the PU polymer. The 1830° - peel atrength tests wers performed at room
temperature and the results presented {ia Table 7, indicate that over the
PAA counceutration range of 0 to 3%, the peel strength increases progres-
sively with increasing PAA content. In the absence of PAA, the bdond
strength was 3.88 1b/in. (0.70 kg/cm). The addition of 3% PAA incressed
the value by a factor 6! 2,6, Further increases in concentration up to

4,02 resulted in a strength reduction.

The failure surfaces generated by peeling vere microscopically in-
spected to obtain icformation regarding the failurs mode and failure
locus. Thase observations indicated that slthough the PU topcoat for the
coutrol specimens without PAA Jelaminated froo the rough crystal surfaces,
the failure was clearly cohesive since a cousiderabls amount of the PU
pbly:cr remained on the precoat surfaces. This was probably due to the
strong mechanical interlocking produced by anchorinz of the topcoat as &
result of PU ~esin penetration into the open spaces in the interlocked
crystal layers. After testing, all of the PU-overlaid complex precoat
specimens, except for the om'couuiung 4.0% PAA, exhidited very rough
surfaces ou both the peeled PU and precoat sides. This led to extensive
plastic deformation and fibrillation which represent cohesive failure in
the ductile topcoat. This cohesive failure can be interpreted as a well-
made joint, 1t is apparent that the highly stable nature of the inter-
phase region is due to direct chemical bonding bdetween the PU and PAA.
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TABLE 7

1800-Peel Strength of Polyurethare Complex Crystal Coating Interfaces and
Lap Shear Bond Strength of Complex Substrate-to-Furan Adhesives

. PAA, Peel strength, Lap-shear bond strength,
X 1b/4n. (kg/cm) psi (MPa)
0 3.88 (0.70) 640 (4.41)
1.0 5.63 (1.01) 920 (6.34)
2.0 9.41 (1.68) 1160 (7.99)
3.0 10.25 (1.84) 1130 (7.79)
4.0 8.41 (1.51) 950 (5.55)
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Inspection of the peeled surfaces of the specimens coutaining 4.0%
PAA {ndicated that they were much smoother than the surfaces of the other
specimens end the extent of plastic deformation was much less. This im-
plies that the failure may have been through a mixed mode of cohesive and

adhesive fallure.

Ia addition to being affected by the reactive surface nature of the
PAA~complexed preccat layer, the peel strength at the interface was also
found to be dependent upon the average molecular weight (M.W.) of the PAA
polymer used to restrain crystal growth. Pigure 51 illustrates the varia-
tion in peel strength of PU/precoat interfaces resulting from changes in
M.V, up to 5 x 103, A PAA macromolecule concentracion of 3% was used to
prepare the conversion precoating systems in this test series. The data
indicate that the interfacial bonding forces iuncrease notably with {ino-
creasing M.W. over the range of 1 x 103 to 1.5 x 105. The maximum .u.“:h,
of 10.45 1b/in. (1.87 kg/cm) was attained with a M.W. of 1.5 x 103.
Further increases in M.W. up to 5 x 103 seemed to have little effect on
the bond strength. Although the results are nct shown in the figure, the
precoat surfaces derived from PAA soncmer ylelded a peel strength of only
3.71 1b/in. (0.66 kg/cm). A speculative explanmation for the effects of
M.¥. on peel strength is as follows: when the polyacid macromolecule is
introduced into the zinc phosphating liquid system, an appreciable number
of divalent Zan fons dissoclated from Znj (PO4)3+2H20 are preferentially
taken up by the functional carboxylic acid (COOH) pendent groups in the
PAA molecular structure which appear to act as a miniature ioun-exchange
system. A salt complex formation consisting of C00-Zan2+ coordinated
groups could be yielded as a result of the charge-transfer characteristics
of the COOH groups and the active mucleophilic Zal+ fons.?? Thus, the
formation of the complex structure, which involves intramolecular pairs of
CO0™ groups associated with Zn fons, would result in the innmlcculnr
entanglement and colling of the PAA macromolecules. The extent of the
entanglement is commounly associated with an increase in the degree of
neutralization. The loss of functional groups at available absorption
sites for the highly neutralized PAA polymers leads to a decrease in the
magnitude of the dispersion and wettability forces om the complex fila
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surfaces by PU resin, theredby decreasing the faterfacial adhesive bounds.

A high M.¥W. PAA, wvhich is comprised of long chain units, will act to sup-
press the exteant of the coil-up and entanglement of molecules. A lesser
alteration of the chain conformation will result in a regularly oriented
coufiguration of PAA polymer containing a plentiful mumbar of functiowal
groups, therefore, resulting in an increase in mobility of PU resin at the

iaterfacial regions.

The theoretical explanation given above wvas tested sxperismentally by
moanuro-onfl of the interfacial contact angles at the PU resin-complex
precoat boundary. The Zn-complexed PAA salt formations which are yielded
at the outermost surface sites of the crystal precoat layers were made by
overlaying 3% PAA-modified zinc phosphating solutions. The M.W. of the
PAA vas varied from 5 x 103 ¢o 2.5 x 105. The overlaid samples were then
heated in a vacuum oven at 110°C to solidify the complex salt films. The
contact angles were determined within 30 sec after deposition of uniniti-
ated liquid PU resin oun the complex film surfaces, and ne results are
given in Table 8. The data indicated that small decreases in the contact
angle occurred as the M.W. was increased. Since a lower angle corresponds
to an increase in the magnitude of the vcttin( forces, the wettability of
the complex film surfaces by PU resin appears to be enhanced by incorpo~
rating a higher M.W. PAA. The facile resin mobility at the interfacial
areas is developed from the nature of primary covalent bond mechanisms.
When a topcoating resin is brought into contact with the oriented high-
M.W. PAA overlayer, the resin is mobile enough to migrate to the function-
al group sites on the layer where conditions for the formation of covalent
boands by chemisorption are particularly favorable. This formation of
polymer-polymer covalent bondes, which is primarily responsible for the
molecular orientation, contributes zignificantly to the development of the
finterfacial adhesiou forces. The use of a low-M.W. PAA produces a greater
amount of coiled-up molecules, which are most likely to result in the for-
matioun of a weak boundary layer which gives poor adhesion at the inter-
faces. Therefore, controlling the extent of entanglemen: is one of the
important factors in promoting mobility of the resins.
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TABLE 8

Contact Angle of Various PAA-Modified Complex Film Surfaces by PU Resin

PAA molecular Contact angles,
weight degree
5,000 59.7

50,000 55.8
100,000 53.1
150,000 51.5
250,000 50.7
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The adhesion aspects of glassy rigid-type FA polymer topcoatas to com-
plex precoat systems were studied by performance of lap shear tensile
strength tests. As seeu in Table 7, the effect of the PAA councentration
on the bond strength of the FR polymer is similar to that on the PU.
Namaly, the bond strength increases upon the addition of PAA up to a 3%
concentration. The strength of 1130 psi (7.79 MPa) at 3% concentration
vas ~80% higher than that of the coutrol specimens. At & 4% concentra-
tion, the strength declines to 950 psi (6.355 MPa).

H. Elastic Behavior of Polymer-Overlaid P-ecoat Layers

Tests were performed to obtain stress-strain diagrams for the top-
coat-precoat composite layers. In this work, ~l.5-mm-thick PU and FR
polymer topcoat systems were placed on complex pra2coat surfaces which were
modified with 32 PAA having a M., W, of 1 x 106, Differences between the
flexural modulus computed from the stress~-strain relation were then used
in an attempt to relate the stiffness of the precoat layer with the me-
chanical behavior of the topcoats. Typical stress-strain diagrams and the

computed flexural modulua for these specimens are shown in Figure 52.

These interesting results indicated that the flexural modulus of the
PU-topcoated composite layer specimens is 10.31 x 106 psi (7.10 x 104
MPa), corresponding to an improvement of ~20% over that of the specimens
without the topcoating. In coantrast, the modulus for FR-coated composite
specimens was ~127 less than that of the coatrol. PFurther, the yield
stress of the precoat specimens was improved ~10X by overlaying with PU
polymer, whereas a stress teduction of ~16X was noted for FR-overlapped
layers. The features and mode of the fracture-initiating cracks at the
yield stress for the untopcoated and FR- and PU-topcoated composite
surfaces were investigated using SEM. These fractographs are given in
Figures 33 to 55, For the untopcoated precoat surfaces, it is of con-
siderable interest to determine the mode of fracture and whether cracking
occurs through or around the coarse crystal. Arrows oan the figures, as
seen in Figure 53, signify the direction of crack growth in a bdent speci-
men surface. As expected, it was counfirmed from the diverging crack
pattern that the microcrack propagation is diverted around a bulky
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Pigure 52. Stress-strain diagrams for uncoated and PU- and FR-topcoated
complex layers.

-135-




> i B

AL T o il o AN S IS o LB NN 8t AR AR B MY ' ¥ SR AR AN n S, o _E. aae e n .rw- N A T

A ()
.................. S Sl haed T S AN a eh e ...-.n.l*.v-

- -
L ’

*390231d uO}819AU0d Xxa7dwod Juaq ® Jo wasyjwd AoeId01dTw 3uyBadAyq °gg eanlyz

=136~

NOILDHIYIA
AOVID

L T N A B BT, MR U SN AT AT L A AL WK TG AT TN S TR AL ST AT, 0 e LT AU LA YT

(RS RS TORE Ehe B RN B Sta TR TR T S Dbl ol A A T AR S R Y S W e 9




........

coarse crystal rather than passing through it. The width of the micro-
crack, which is very difficult to identify, was ~4 um, The small size of
the flaw produced at the yield stress suggests that the complex precoat
layers possess a high degree of flexibility and stiffness,.

When compared to the untopcoated specimens, the fracture origin under
tension of the FR~-topcoated specimens was completely different. This is
microscopically discernible in the fractograph shown in Pigure 53 and
Figure 54(a), respectively, A linear cracking pattcrn, resulting in
failure of the glassy FR polymer, is apparent in the topcoated specimen.
Figure 54(b) shows the crack initiation area of the FR polymer overlayer
at a higher magnification. As is evident from the micrograph, the failed
section exhibits a relatively smooth fac.. Thus, the fracture of the
brittle FR topcoat was probably due to poor plastic deformation in connec-
tion with a rapid progression of crack growth. The size of the flaw was
determined from the SEM fracture micrographs to be ~30 um, more than seven
times larger than that in the failed precoat layer without the topcoat

system,

In contrast, no signs of cracking were detected for the composite
layer surface containing the elastomeric PU topcoat (see Figure 55).
These results apparently verify that the FR glass topcoat, characterized
by its high elastic modulus, extremely low elongation, and good bond
strength, acts to promote crack propagation at the interfacial regiouns.
Although some nonlinear stress distribution is observed p- ‘or to the de-
formation failure, the fracture of FR-precoat composition syst..s occurs
almost immediacely following the formation of a visible tensile crack.

The initial cracking of this composite occurs through the FR ,olymer-pre-
coat stress, whe.eby load is transferred from the brittle FR to the duc-
tile crystal layers. For the PU scperposition, it was microscopically
observed that growth of the interfacially generated initial crack is more
likely to be associated with the crystalline precoat sites than with the
PU polymer sites. The most significant effect of the use of the high ten-
sile and elongation and low modulus PU topcoat is, therefore, to delay and
control of the onset of tensile cracking of the precoat layers. The

interfacial bond failure occurs after the precoat layer reaches its yield
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point. Thus, the crack-arresting properties of elastomeric topcoats are
found to play the major role in improving the mechanical behavior of the

precoat layer during interfacial failure processes.

On the other hand, the effect of the adhesife bounds at the topcoat/
precoat interfaces on the elastic behavior of the composits layers cannot
be fully ascertained from the experimental dasta. To gain additional in-
formation, precoat surfaces were exposed to a 1007 relative humidity
(R.H,) atmosphere at 24°C for up to 10 days before application of initiat-
ed PU and FR tesins. The presence of any moiature on the substrata sur-
faces would result in a decrease in bonding force with these adhesivas.
The humidity also reduced the curing rate of the polymeric topcoat in the
V vicinifiﬂdf Eﬁiﬁ;itt;aAﬁf;éb;t surfaces. This reduced polymerization rate
relates directly to a decrease in elastic modulus of topcoating materials.

Curves showing the flexural modulus for PU- aud FR-topcoated compos-
ite layers prepared after exposure of the precoat surfaces to 100% R.H.
for various perioda of time are shown in Figure 36, These data suggest
that the presence of a certain asount of moisture on the precoat surfaces
may increase the flexural modulus of the composite layers. Surfaces over-
laid with PU after 24-hr exposure to 100X R.H, exhibited the maximum modu-
lus of 125 x 103 psi (86.13 x 103 MPa). This corresponds to an 1-p£ovo-
ment of ~20X over that of the unexposed surfaces. Exteunding the exposure
time for up to 10 days resulted in a modulus veduction, but the value was
still higher than that from the dry surface. For the FR-topcoated sys-
tems, the data indicate that ths modulus incressed with exposure times up
to ~5 days to an ultimate modulus of ~100 x 103 pst (68.90 x 103 MPa),
Beyond that time, the modulus declined ¢to a value of ~91 x 103 psi (62.70
x 103 MPa) after 10 days of exposure. From the above findings, it can be
concluded that when the resins in the curing propagations are coutiguous
to moisture, their polymerization rate is suppressed by the humidity ex-
isting on the substrats surfaces. This suppression of polymerization acts
to produce a rubbery polymer possessing a low elastic modulus and high
elongation properties. Thus, even though the interfacial bonding forces
are actually reduced by the presence of surface msoisture, the decreased
modulue of the polymer topcoat at the interface contributes to an increase
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in the flexural modulus of the crystalline precoat layers. This enhances
the stiffness of the composite layers. The results further suggest that
the interfacial stress transfer is of major {mportance in the topcost-pre-
coat composite systems. For instauce, the enhanced brittleness at the in-
terface, vhen a glassy MR topcoat is used, tands to result ia a more rapid
decrease in the interlacial stress transfer because of au increased rate
of compaction. The increased flexural modulus of the composite layers
coutaining moisture at the interface is associated with an increase in
interfacial stress trausfer which is due to the absorption of a certain
amount of energy by the rubbery topcoat prior to the initial cracking of
the precoat layers., Accordingly, the interfacial adhesive bonds were
found to have a lesser effect on the crack-arresting behavior and stiff-

aess characteristics of the composite layers.

1. Couclusions

Crystalline Za+Ph conversion coatings deposited on carbon steel
substrates by immersing the metalcs in nongassing phosphating solutions are
generally thick (~120 um) and are comprised of relatively coarse crystals.
These crystal formations which cousiut of a pronounced dendritic micro-
structure result in a high coating weight which is economically undesir-
able. Although well-crystallized coanversion coatings play a role in the
development of strong mechanical interlocking bounds with polymeric top-
coating systems, the deposition of a thick layer of coarse crystals re-
sulted in the formation of brittio coatings vhich failed upon flexing.

In particular, the dimensions and coating weight of the conventional
conversion crystals decrease dramatically with increasing PAA concentra-
tions. It is speculated that this grain~refining action of PAA is due to
the following mechenism. When the polyacid is introduced into the zinc
phosphating liquid, the active nucleophilic divalent zinc cations dissoci-
ate from the zinc orthophosphate dihydrate in an aqueous solution. These
may produce reversible salt complex formitions with fuuctional carboxylic
acid (COOH) peundent groups in the PAA molecular structure, The complexes
appear to act as a miniature ilon-exchangs system. The formed complex
structure may also play a key role in restraining the conversion crystal
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growth, thereby resulting in a uniform dense coating of fine crystal size
and low coating weight. The microstructure of the PAA-modified Zun-Ph
layers was confirmed to be a composite formation coansisting of a thin PAA
nacro-olcéulc overlaying continuously on a uniform array of fine dense

crystals.

To study the interfacial interaction mschanisms between the PAA poly-
mer and the Zn+Ph crystal layers, elemental anslyses of the composite
surfaces and subsurfaces wvere conducted by means of the highly sensitive
analysis techniques such as XPS and EDX. These results suggested that the
interaction at the interfaces is most likely chemical., The cheaical ia-
teraction is initiated by charge transfer resction mechanisms in which the
proton~donating functional COOH groups in PAA are strongly chemisorbed to
the Zan atoa at the outermost surface sites of tha crystal layers. The
carboxylic anious converted from the COOH groups are terminatively trans-
formed into unique bridge formations through a cross-linking reaction with
Zn., Thus, the chemical effect of Zn atoms in the hypothatical interaction
model was presumed to be intermolecular bridging, acting to coansct be-
tween the PAA and the crystal phases. The dcpoaition products of the PAA-
complexad Zn*Ph crystal wers ideantified to be the assemblage structure
of hybrid phases consisting of the tsrtiary szinc orthophosphate dihydrate
as the major product and some uunidentified phosphate compounds as the
minor ones. The assemblage of this fine ctyltal.fn:thct suggested that
the PAA significantly acts to reduce the degree of crystallinity of the
Zu*Ph compounds, resulting in the production of finely crystallized
coating layers.

On the other hand, the plasticized complex coating layer plays an
essential role in increasing the stiffness and the ductility of the con-
ventional crystal layers. The flexural modulus of 3X PAA-complexed crys-
tal layers was more than two times greater than that of the conventional
crystal layer without PAA. The physico-chemical factors governing the
mechanical bdehavior of the conversion complex crystal layers depended
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primarily upon the thickness, fineness, and density of the layers, and the
average M.W, of the PAA, With a high M.W, of 1 x 105, the most effective
complex crystal formations and dimensions for achieving the ultimate
flexural modulus were a uniform array of fine dense crystals ~5 um thick
and ~60 to 200 um in length. The ductile complex crystal layer and sur-
face not only provide a corrosion barrier on the substrates, but also pos-
sess the ability to promote adhesive bonds with polymeric topcoat systems
because of the thin complex PAA polymer existing at the outermost surface
sites of the crystal layers. The increase in adherent forces of the com-
plex PAA overlayers results in a lower magnitude in the degree of coil-up
aud entanglement of the macromolecules brought about by the complex reac-
tion between the proton~-donating PAA polymer and the nucleophilic zalt
ions released from the Zn3(P04)+2H20 in a low pH aqueous medium. The

use of high M.W, and an adequate amount of PAA contributes to a reduced
alternation of chain couformation and the prssence of a large number of
functional COCH groups, thereby enhancing the magnitude of wettability of

the complex precoat surfaces by the resins.

The mechanical characteristics of the polymeric topcoating in the
topcoat-precoat composite layers play a key role in improving the stiff-
ness, the post-cracking ductility, and the flexural crack-arresting pro-
perties of the precoat layers. The improvement of these characteristics
is more likely to be associated with a low elastic modulus, high tensile
etrength, and extremely high elongation properties of the topcoats, rather
than the interfacial adhesive bonds. In fact, the flexural modulus for
the elastomeric polyurethane-superposed composite layers was ~36% higher
than that for the glassy furan polymer composite layers. Furthermore, no
cracking of the polyurethana surfaces was detected microscopically at the:
yield stress of bent composite layers. This suggests that the interfacial
bond failure occurs after the precost layer reaches {ts yield point. In
contrast, the initial cracking of the brittle furan polymer composite lay-
ers occurred through the polymer-precoat stress, vhereby a load was trans-
fered from the brittle polymer to the ductile layers.
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V. DISCUSSION AND CONCLUSIONS

Generally, organic polymers containing functicoal groups such as
amines, esters, and acetals, in which any two atoms selected from N, O,
and S are joined to the same carbon atom, are very susceptible to hydroly-
sis, particularly under hydrothermal conditions. When polymers having
these functional groups in either their main chains or in pendent sites of
macromolecules, were applied as protective coatings on metal surfaces, the
hydrothermal disintegration of the polymers lead to disbondment of the
coatings from the substrate surfaces. This faflure was associated with
the following four factors, (1) high segmental mobility of chains, (2) low
thermal relaxation, (3) increased hydrophilic groups, and (4) low dynamic
mechanical properties, It was found that the degradation of the polymers
can be suppressed by the inclusion of calcined reactive fillers. The in-
clusion of a hydraulic calcium silicate (Ca0-510;) reactive filler
having a Ca0/Si09 mol ratio of 0.68, resulted i{n the production of crys-
talline inorganic macromolecules and dissociation of the divalent metallic
fons from the filler surfaces in the hot aqueous media. In Ca0-5i0
additive-filled polymethyimethacrylate (PMMA) composite systems, the
hydrothermal interactions at the polymer-filler interfaces can be inter-
preted as follows: the cation-acceptable functional groups formed by
hydrolysis of PMMA electréstatically reacts with the electropositive
metallic ions migrated from the Ca0:5{0; surfaces. This reaction leads
to the formation of chemically stable ionomer structures, Simultaneously,
the mixed inorganic macromolecules of amorphous and crystalline Ca0-S$10;-
Hy0 macromolecular-ionomer complex was identified as being formed in the
superficilal layers of the PMMA composite during exposure in an autoclave
at a temperature up to 200°C, This superficially formed complex acts as a
self-healing protective layer which.is directly related to the molecular
structure that has polymer chains with low segmental mobility, thereby im-
proving the mechanical strength and thermal stability. It was also deter-
mined that these complex films have a relatively low surface free energy,

low surface roughness, and low water permeability.

-145-




s s s ommew o

Pa—

RS e om .

PRI - A

Vhen organic polymer materials are spplied as a protectivs coating to
steel substrats surfaces, the surface preparation of the substrate prior
to application of the polymer coating, is very important in achieving gocd
bouding. In this regard, crystalline Zn*Ph preparations are of ten used
commercially as a means for improving the corrosion resistance and paint
adherence properties of ferrous and sinciferrous, (especially galvanized)
metal surfaces. With cold-rolled steel plates, this preparation, express-
ed {n terms of a coaversion crystal precoating, can be accomplished by
immersing steel plates in a BNL-developed zinc phosphating formulation
consisting of zinc orthophosphate dihydrate, [Zn3(PO,)-2H20], phosphoric
acid, (H4PO,), and water.

For the surface preparation of high carbou-containing steel, the use
of conventional Zn0-H3PO4-H70 systems commonly results in the productioan
of a porous zinc phosphate couversion layer.50,31 14 contrast, the use
of the BNL-developed Zn3(P04)32°2H20-H3P04~H20 system on the same steel
produces a high quality, insoluble conversion crystal precocat. The topog~-
raphical features of the well-crystallized preccat surfaces were charac-
terized by the formation of a thick layer of highly dense interlocking
rectangular crystals having an open surface structure. This typical crys-
tal structure was found to be a primary factor ia the degree of bonding of
paint and resin coatings to steel substrates. Increased mechanical an-
choring is obtained when the liquid resins can penetrate into the open

surface microstructure and microfissures of the deposited precoat layers.

Chemical treatments can be used, not only to increase the roughness
of the substrate, but also to modify the chemical composition. The latter
is an important factor affecting the degree of chemical affiaity for poly-
meric adhesives. In the study of interaction mechanisms at the functional
polymer-zinc phosphate crystal interfaces, it was identified that the
crystallized Hy0 molecules existing at the outermost surface sites of the
convcraion.prccoatl, play essential roles in wetting and spreading by the
liquid resins which have functional carboxylate and carboxylic acid groups
located in either their main chains or the pendent side of maczomolecules.
The most possible intermolecular reaction was considered to be due to the
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formation of lydrogen bonds, COO---H70, between the carboxylate groups
and the water molecules of hydration at the crystal surface sites.
Alternative interfacial attraction was rationalized to be associated with
the acid-base and charge transfer {nteraction mechanisas, namely, the
proton-dovating carboxylic acid groups chemisotrbed astrongly with the polar
s OH groups at hydrated crystal surfaces. The carboxylic anions formed by
the chemisorption {nduce strong ionic bonding as a result of these inter-
action machanisms. A large crystal surface area, corresponding to the
presence of a plentiful supply of polar groupe on the outermost surface
sites, was more strongly chemisorbed by the functional polymers than were
'thoac with lesser surface areas, Otherwise, the preferred macromolecule
orientaticus in the polymer layer contribute sigunificantly to the develop-
ment of the {nterfacial bond strength, wheresas the conformation change
caused by the free-ion-complexed molecular structure, resulting in colled-
up macromolecules, is likely to result in a decrease in interfacial

bonding forces.

As described above, the intrinsic adhesion nature ;t the functional
polymer/zinc phosphate joints was attributed primarily to mechanical in-
terlocking, and secondarily, to the presence of a weak chemical bond such
as hydrogen bond and acid/base interactions. However, th: most ideal
interaction mechanism to provide a strong adhesion force and a highly
stable interphase region corresponds to a primary covalent chemical bond
associated with a high dissociation energy of 350-200 kcal/mole, On the
other hand, although thick zinc phosphate precocats appear to be suitable
as corrosion inhibitors for the substrates, the fragile characteristics of
these bulky crystal structures lead to failure during flexure or other
deformation of the substrate. Deformation failures of layers, having low
stiffuess characteristics, appear to be directly rtelated to the develop~
ment of micropores and fissures which reduce the effectiveness of the

corrosion-resistant coatings.

The results from counsiderable efforts to solve these problems, have
shown that the introduction of an appropriate amount of polyelectrolyte

macromolecules, used as a countrollable adaixture for crystal growth,
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siguificantly improves both the interfacial adhesion forces to the poly-

meric topcoat and the stiffness and ductility of brittle conversion lay-

ers. The physico-chemical factors governing the mechanical bdehavior of

the organic macromolecule-treated zinc phosphate complex layers depond )
primarily upon the thickness, fineneas, density of the layers, and the
average molecular weight (M.W.) of the macromolecules. In order to modify
the crystal layers by the use of polyacrylic acid (PAA) macromolecules
from among the various polyelectrolyte specles, 1t was found that the
polyelectrolyte with a high M.W. of 1 x 107 results {n the most effective
PAA-complexed zinc phosphate crystal formation and dimensions for achiev-
ing the ultimate flexural mcdulus. The ductile precoat layer and surface,
not only provide a corrosion barrier on the substrates, but also possess
the ability tc promote adhesive bonds with polymeric topcoat systems. The
latter was due to the presence of a thin functional PAA polymer film at
the outermost surface sites of the precoat layers. Therefore, it vas s>~
parent that the highly stable nature of the ianterphase region is caused by
direct chemical bonding between the polymer topcoat and PAA.

The mechanical characteristics of the palymeric topcosting in t'a
topcoat-precoat composite layers play a key role in improviag the st! "f-
ness, the post-cracking ductility; and the flexural crack-arresting pro-
perties of the precoat layers. The improvement of these characteristics
is more likely to be associated with a low elastic modulus, high tensile
atrength, and extremely high elongation properties of the topcoats, rather
than the interfacial adhesive bouds.
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